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A small solid sample, located in the central aperture of a metal gasket and squeezed from 
two sides by diamond anvils, is irradiated with relativistic heavy ions from the SIS heavy 
ion synchrotron. The simultaneous exposure to high pressure and to the very rapid 
deposition of energy transferred from the decelerating ions triggers drastic structural 
alterations which are not caused by applying high pressure or ion beam irradiation alone. 
The mineral zircon, for example, transforms to a high-pressure phase at pressure values 
much lower than those required without simultaneous ion beam irradiation. The new 
phase is revealed by additional lines (indicated by the red circle) observed in the Raman 
spectrum of zircon.  
The background displays a head-on view of the metal housing of a diamond anvil cell in 
the moment when an ion pulse traverses the cell. The front diamond responds with a 
bright flash of light emission visible in the center. 
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Foreword 
 
The cover page of this year's Scientific Report illustrates a new experiment to study bulk matter 
at high pressure. A beam of heavy ions, energetic enough to penetrate the massive walls of a 
diamond anvil cell, is used to irradiate single crystals. Quite different behaviours are observed. 
For example, in the mineral zircon the ions trigger the formation of the high-pressure phase 
reidite, not induced by pressure or ions alone. In contrast, in apatite one finds less damage 
compared to ambient conditions and stabilization of the lattice under pressure. In addition to the 
basic understanding of radiation damage under such conditions, the results are useful for 
simulating the situations that fission tracks experience in the interior of the Earth and for their 
application in thermochronology. This is one of many examples in this Report that illustrate the 
broad range of research areas pursued with ion beams at the GSI accelerator facilities.  
 
The central mission of the Laboratory is, of course, the microscopic study of matter in the regime 
of the strong force. This involves the properties of the atomic nucleus, up to nuclei only 
transiently created in star explosions yet key stepping stones to the matter we are made of. It 
addresses nuclear matter as it exists in the interior of stars and at the birth of the universe. And it 
searches for the underlying quark and gluon structure and the understanding of its fundamental 
role in shaping the many-body systems of the strong interaction: hadrons, nuclei, and nuclear and 
quark matter.  
 
However, as shown by the cover page, the unique properties of the ion-beam facilities operating 
at GSI also provide opportunities for a wider research program, be it atomic physics studies of 
highly stripped atoms and ultra-high electromagnetic fields, the dense and hot bulk plasmas that 
can be created with ion beams, or the radiation effects induced in solids and biological materials 
over a wide range of ion-beam conditions. 
 
The Scientific Report intends to provide an overview of the research and technical development 
work in progress at the Laboratory. It summarizes important advances and achievements made in 
2006, addressing both scientific results and highlights from the various research programs and 
important technical (and - to some extent - also science-political) developments with respect to 
the Laboratory's medium- and long-term future.  
 
The most important activity directed toward the future – and indeed, the Report begins with this 
Chapter – is the extensive work performed in preparation for FAIR (Facility for Antiproton and 
Ion Research). Last year two important milestones were reached: in July the FAIR Baseline 
Technical Report (BTR) was finalized and accepted by the FAIR International Steering 
Committee (ISC) as the defining document for 'The Project', i.e. for the scientific goals and 
technical performance characteristics of its accelerators and experimental stations/ detectors, and 
for its cost structure and timeline. Towards the end of the year, the FAIR-ISC founded an interim 
international project group, the FAIR Joint Core Team (FAIR-JCT), whose task it is to coordinate 
preparation and development of all necessary information and documents needed for the 
foundation of the FAIR company.  
 
At present, 14 countries have signed a Memorandum of Understanding stating their commitment 
to join efforts in the preparatory activities for FAIR and the intent to collaborate in the 
construction and operation. About 2400 scientists and engineers from 44 countries have co-
authored the Baseline Technical Report. It contains a wide range of R&D efforts that have been 
supported by pre-project funds from the German Federal Government and from the State of 
Hessen, the European Union, and through institutional funds at the various partner institutions 
worldwide. In this Report brief summaries are given of many of these activities. 
 
The scientific program at GSI, while predominantly carried out at its own accelerators, also has 
important components at other facilities: longer-term programs, for example, exist in ion-trap 
work at ISOLDE and in the construction (soon experiments) of the ALICE detector at CERN, in 
data analysis by staff previously involved in the BABAR experiment, and in a broad range of 
collaborations both in theory and in technical R&D. All of these activities are addressed in this 
Report. 
 
While tempted to describe now in more detail some of the research highlights and major technical 
achievements of the past year, I will limit myself to a brief statistical account of the work done. 
 
In total, the GSI accelerators provided more than 11500 hours beam on target (UNILAC 5208 h, 
SIS 4937 h, ESR 1382 h). The beam species again covered the full range from protons to 
uranium, with many secondary ion beams in addition. This excellent performance has to be seen 
before the background of substantial accelerator R&D for FAIR and the major efforts from the 
accelerator and infrastructure staff last year in constructing the heavy-ion therapy facility HIT at 
the Heidelberg Clinics (plus contributions to the injector linac for ion therapy facility in Pavia 
(Italy). HIT is now being commissioned. 
 
The accelerators are still heavily subscribed. Despite the substantial number of hours that could 
be provided to the experiments last year, backlogs exist of more than one year for the UNILAC 
and two years for SIS. At the recent meeting of the GSI Program Advisory Committee requests 
for beam time were a factor of two (UNILAC), respectively three (SIS) higher than what could be 
approved. A promising development is the success in raising beam intensity, which has now 
nearly reached space charge limit for light and medium-heavy ions. Also faster cycling times are 
now possible because of the new GSI power-grid connection completed last year. The new link to 
a local power station, exclusively used by GSI, enables fast ramping of the SIS magnets up to 
4.5T/s. 
 
The research and R&D results were published last year in about 500 papers altogether (of these 
more than 360 in refereed (WoS listed) journals). Close to 50 PhD's out of a total of more than 
100 thesis papers (bachelor, diploma/ masters, PhD) were completed last year.  
 
The science community at GSI has a dominant fraction of users from outside GSI. This is also 
reflected by the number of authors, more than 1400, who have contributed to this annual 
scientific report and summary of the activities at and with GSI! To all of them, their sponsors, and 
all the others who have, through their involvement and contributions, been instrumental to the 
success of the many activities and projects at GSI, a most sincere 'thank you' and the wish of 
continued and successful future collaboration. 
 
 
 
 
Walter F. Henning 
Scientific Director 
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Overview of the FAIR Project 
FAIR Joint Core Team 
GSI, Darmstadt, Germany
In spring 2006 the FAIR Baseline Technical Report 
(BTR) [1] was presented to the International Steering 
Committee (ISC) of FAIR. The BTR was accepted by the 
ISC as technical description and scope of the FAIR pro-
ject and basis for the international negotiations for the 
creation of the FAIR GmbH.  
The negotiations commenced in autumn 2006. In paral-
lel the working groups on Administrative and Financial 
Issues (AFI) and Science and Technical Issues (STI) pre-
pared the documents that are necessary for the establish-
ment of the FAIR company. This task was completed by 
the end of 2006.  
The ISC established the Joint Core Team which has the 
task to manage the FAIR project until the formal creation 
of the FAIR GmbH.  
Great effort has been put into consolidating the ion-
optical layout of the facility as well as the design and 
specifications of the various accelerator elements, shown 
in the figure below. The current status in this area is pre-
sented in the section of the FAIR division in this report.   
The BTR defines the initial scientific program of FAIR. 
The corresponding experiments are listed in the table be-
low. PAX/ASSIA and AIC have to prove their feasibility 
but provisions in the accelerator design and civil con-
struction will be made for them. 
 
 
Layout of the FAIR complex. The accelerator consists of the double ring synchrotron SIS 100/300, the injection 
complex UNILAC, p-LINAC and SIS 18, and the storage rings (NESR, RESR/CR and HESR). The other acro-
nyms characterize positions of experiments listed in the table on the next page. The NUSTAR experiments (light 
grey in table) behind the Super-FRS will be located in areas HE, LE and the NESR, HEDgeHOB and WDM in 
area PP and BIOMAT in AP. The SPARC experiment will involve target positions over the entire complex. CBM, 
PANDA and FLAIR are shown in situ. 
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The experiment collaborations of FAIR have worked 
hard on the necessary R&D for their detectors. Reports 
about the progress of the various collaborations are 
presented in this section of this report. These efforts 
will lead in due time to various technical design reports 
that are prerequisite for the start of construction of the 
respective experiments. However it should be noted 
that only a small fraction of the full activities of the 
experiments are reported here, as this is the Annual 
Report of GSI and the vast majority of collaborators 
are external. 
 
 
 
 
 
 
 
 
 
References 
[1] FAIR Baseline Technical Report,  
        ed. H.H. Gutbrod. I. Augustin, H. Eickhoff,  
K.D. Groß, W.F. Henning, D. Krämer, G. Walter,  
        ISBN 3-9811298-0-6, 
        http://www.gsi.de/fair/reports/btr.html 
 
Further information can be found at  
http://www.fair-center.de
 
Experiment 
 
Research Program 
 
Technical Facility 
 
R3B 
 
Nuclear reactions in inverse kinematics reaction 
studies with relativistic radioactive ion beams 
Large reaction set-up allowing complete kine-
matics reaction experiments 
HISPEC/ 
DESPEC 
High resolution, high efficiency particle and 
gamma spectroscopy of nuclei far off stability 
State-of-the-art γ-detectors (AGATA) plus set-
ups for charged particle and neutron detection 
LASPEC Laser spectroscopy of radioactive ion species Multi-purpose laser spectroscopy station 
MATS 
 
High precision, high efficiency mass and life-
time measurements on radioactive nuclei 
 
Combined set-up of an electron beam ion trap 
(for charge breeding), ion traps (for beam prepa-
ration) and a precision Penning trap system. 
ILIMA 
 
Mass and lifetime measurements of stored and 
cooled radioactive ion beams 
Devices for Schottky mass and isochronous mass 
spectroscopy at CR/NESR 
EXL 
 
Inverse kinematics light ion reactions on radioac-
tive nuclei 
In-ring reaction set-up to be installed at the 
NESR 
AIC 
 
Measurements of mass radii of nuclei far off sta-
bility 
Antiproton (radioactive) ion collider 
ELISe 
 
Measurements of elastic, inelastic and quasi-free 
electron scattering of nuclei far off stability 
Electron-ion collision device including a high 
resolution electron spectrometer at the NESR 
PANDA 
 
QCD and hadron physics studies with cooled 
high energy antiproton beams at the HESR 
Large state-of-the-art internal target detector 
system covering almost the full solid angle 
CBM 
 
Studies of the QCD phase diagram in high-
energy nucleus-nucleus collisions 
Large state-of-the-art fixed target detector sys-
tem covering almost the full solid angle 
PAX/ASSIA  QCD and hadron physics studies with polarized 
antiproton beams 
State-of-the-art collider detector system covering 
a large solid angle 
FLAIR 
 
(Precision) studies with low energy or stopped 
antiproton ion beams 
 
Various stations including an ultra-low energy 
electrostatic storage ring, a Penning trap, low 
energy antiproton target stations 
SPARC 
 
Atomic physics spectroscopy and collision stud-
ies with (stored) high energy ion beams 
Various fixed target and in-ring experiments 
 
BIOMAT 
 
Applications of ion and antiproton beams in bio-
physics, biology, materials research and other 
disciplines 
Various multi-purpose target stations 
 
HEDgeHOB/ 
WDM 
Investigations of warm and dense bulk matter 
produced by intense ion and/or laser pulses 
Various plasma physics experimental stations 
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A data analysis and simulation framework for the PANDA collaboration
PANDA Computing Group1
1 FZJ, Ju¨lich, Germany; GSI, Darmstadt, Germany; Jagellonian University, Cracow, Poland; JLU, Gießen, Germany;
KVI/University of Groningen, Groningen, The Netherlands; LPP, Dubna, Russia; Ruhr-University, Bochum, Germany;
Politecnico di Torino, Torino, Italy; Soltan Institute for Nuclear Studies, Warsaw, Poland; Technical University of
Dresden, Dresden, Germany; Technische Universita¨t Mu¨nchen, Garching, Germany; University of Basel, Basel,
Switzerland; University of Ferrara and INFN, Ferrara, Italy; University of Frankfurt, Frankfurt, Germany; University of
Frascati and INFN, Frascati, Italy; University of Glasgow, Glasgow, United Kingdom; University of Pavia and INFN,
Pavia, Italy; University of Torino and INFN, Torino, Italy; Uppsala University, Uppsala, Sweden
In the near future, precision anti-proton proton annihila-
tion experiments will be conducted to provide a systematic
study of the strong force which binds all hadronic matter,
such as protons and neutrons. A large-scale detector sys-
tem, PANDA, is being developed, which will be installed at
the international research facility FAIR. The research pro-
gram with the PANDA detector will be conducted by a col-
laboration of more than 400 physicists from 48 institutions
world wide.
In preparation for these experiments, large-scale simu-
lations need to be performed in the upcoming years for the
design of the PANDA detector, to determine analysis strate-
gies and, eventually, for the interpretation and calibration
of the experiment results. For this, a computing framework
is needed to perform Monte-Carlo simulations and analyses
of simulated as well as experimental data. Such a frame-
work will be used together with an AliEN2 Grid network
layer, which is presently being employed at various sites
and adapted to the needs of the PANDA collaboration.
In 2006, the PANDA collaboration evaluated various
computing frameworks used by several collaborations. In
September, the PANDA coordination board decided to pur-
suit the development of a PandaRoot framework as an ex-
tension of the CBM/FAIR-root framework developed at
GSI.
The PandaRoot framework is based on the object-
oriented data analysis framework, ROOT [1], which is
presently being developed and maintained at CERN and
commonly used within the high-energy, particle, and nu-
clear physics communities. In addition, PandaRoot fea-
tures the concept of Virtual Monte Carlo [2], which al-
lows to use Geant3, Geant4, and Fluka transport codes via
a transparent interface.
In the past year, a mature model of the PANDA setup
have been implemented in the PandaRoot framework. Fig-
ure 1 depicts part of model for the target spectrometer
together with the magnet structures of the PANDA setup
which is presently included within the framework. A tool
to convert CAD step-files to ROOT geometry definitions
has meanwhile been embedded in the framework, which
provides an advanced and efficient method for the imple-
mentation of detector components.
In a synergetic collaboration with the CBM and HADES
computing teams, various developments of the PandaRoot
framework are presently taken place. For example, the
GEANE track follower [3] and the EvtGen event genera-
tor [4] have been fully integrated into the PandaRoot frame-
work. In addition, various software tools which were de-
veloped within a Babar-like computing framework [5] are
presently being migrated such as an advanced Kalman fil-
ter and various detector-related reconstruction codes. Plans
are made to enrich the PandaRoot framework by comput-
ing tools for the electro-magnetic shower reconstruction,
channel compositions, kinematic fitting, and many more.
Figure 1: A sketch of the target spectrometer with the mag-
netic structures of PANDA as implemented in PandaRoot.
The various colors or shades correspond to different de-
tector elements (silicon vertex detector, straw-tube tracker,
electro-magnetic calorimeter, muon detectors, Cherenkov
detector, solenoid and dipole magnets). Optionally, a time
projection chamber can be used as central tracker, which is
not shown in the figure.
References
[1] http://root.cern.ch.
[2] http://root.cern.ch/root/vmc.
[3] CERN report W5013 (1991).
[4] http://www.slac.stanford.edu/˜lange/EvtGen/.
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Low noise preamplifier ASIC for the PANDA EMC∗
Peter Wieczorek1 and Holger Flemming1
1Gesellschaft fu¨r Schwerionenforschung
Introduction
For the electromagnetic calorimeter (EMC) of the
PANDA experiment a preamplifier and shaper is under de-
velopment. Studies of lead tungstate (PbWO4) for the first
time done in the low energy region have shown that an ex-
treme low noise front-end is mandatory. The charge sensi-
tive amplifier (CSA) is optimized for the readout of APDs
with a capacitance of 300 pF and has to cope with an event
rate of over 300 kHz. Test results of a first prototype real-
ized in a 350 nm CMOS process show an excellent noise
performance and good agreement to simulation results.
Concept
Figure 1: Principle diagram of the readout electronics
First calculations done in end of 2005 have shown the
possibility of fulfilling the strong PANDA requirements for
the EMC in CMOS technology. Based on this calculations
design and simulation of a first prototype was started in
early 2006. Figure 1 shows a principle diagram of the
readout electronics. It consists of a low noise charge sensi-
tive amplifier, an active pulse shaper and an output buffer.
The dominant noise contributor is the input transistor of
the preamplifier. Here large design effort was made to
keep this noise contribution small. To handle the large
event rate a quick discharging of the feedback capacity
is necessary which is realized with a MOS transistor as
feedback resistor. In addition a pole-zero-cancellation
network is included to avoid undershoots.
∗Work supported by EU (contact number: RII3-CT-2004-506078)
The shaper is realised in two stages and performs a sec-
ond or third order semigausian shaping with a peaking time
of 230 ns. Among a non amplifying buffer which covers
the whole dynamic range a second output buffer with an
amplification of ten is foreseen to allow precise noise mea-
surements. Four of these readout paths are implemented in
a 350 nm CMOS technology. This ASIC was submitted in
July 2006 via the Europractice program.
Measurements
Figure 2: Results of the noise measurements
After the manufactured chips arrived at GSI in Septem-
ber various tests are carried out. In particular noise and
dynamic range are measured at different temperatures and
detector capacities. As shown in Figure 2 the noise in-
creases with increasing temperature and detector capaci-
tance CDet. At -25 ◦C and CDet = 280 pF an equivalent
input noise charge of 6174 e− ±17 e− was measured.
The maximum input charge the chip can cope with is 2 pC
and the power consumption is 20 mW / channel.
Conclusions
The test results of the first prototype are in excellent
agreement to simulations and fulfil the PANDA require-
ments. In spring 2007 tests with avalanche photo diodes
(APD) are designated. In a second prototype which will
be designed in 2007 among some other optimizations the
main focus will be on signal shaping and the output stages.
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Large Area APD-readout of LYSO crystals 
H. Nowak1, B. Lewandowski1, A. Wilms1, and K. Peters1
1GSI, Darmstadt, Germany
Introduction
For the PANDA detector a fast and compact electromag-
netic calorimeter (EMC) for the detection of photons and
electrons is forseen. To fulfill the requirements, defined by
the EMC group, like low threshold energy, a very good en-
ergy resolution and a high compactness, the scintillator ma-
terial should offer a short radiation length, a small moli re
radius and a high light yield. Two scintillator types have
been under investigation, bismuth germanate (BGO) and
lead tungstate (PWO). Since a short time there is a new
scintillator on the market: Lu
 
Y

SiO

:Ce (LYSO). This
material has also to be investigated as an option for the
EMC.
Large area avalanche photodiodes with the active area of
 mm (LAAPDs) represent the envisaged photo de-
vices for the EMC readout.
Properties of LYSO
LYSO is a dense inorganic scintillator with a small tem-
perature coefficient, a very high light output and energy res-
olution. The properties of LYSO compared to the properies
of the other investigated materials are listed in table 1.
LYSO is a lutetium based material, that means it contains
naturally radioactive isotopes. This causes a background
spectrum at low energies, especially for crystals of large
size. This does not prevent its application in HEP experi-
ments, where the readout is using trigger.
Property BGO LYSO PWO
Density [ ] 7.13 7.1 8.28
Rad. length. [] 1.12 1.2 0.89
Molie`re rad. [] 2.33 2.4 2.19
Decay time [	] 60-300 41 5-15
Max. emission [] 480 420 420-440
Temp. coef. [%/Æ
]  1.6  0.04  2
Light Yield [ph./MeV] 9000 4  10 100
Table 1: Properties of dense inorganic scintillators.
Longitudinal light response uniformity
measurement with LYSO
For the measurement of the light response umiformity a
LYSO crystal with the dimensions of 20  20  200 mm
has been coupled to a photomultiplier. A sodium source
has been moved in 10 mm intervals along the crystal (away
from the photomultiplier) and the corresponding peak max-
ima (see fig. 1) have been measured.
 Work supported by EU (contact number: RII3-CT-2004-506078)
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Figure 1: The ADC channel positions of the maxima of
the annihilation peak at 511 keV (lower values) and the
photo peak at 1274.53 keV (upper values) depending on
the distance between the source and the PMT.
As it can be seen from the plot the longitudinal unifor-
mity of the crystal is ensured.
Energy resolution of LYSO measured with
LAAPD
To determine the energy resolution of the crystal, spec-
tra have been taken with three different sources: sodium,
cobalt and caesium. The positions of the annihilation and
the photo peak maxima of each source were used as ref-
erence points for the energy calibration. One background
spectrum has also been taken to study the effect of lutetium
on the energy resolution of the crystal.
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Figure 2: Sodium spectrum (top) and background spectrum
(below) (left). The measured energy resolution of the an-
nihilation and photo peaks for sodium, caesium and cobalt
detected with a large crystal and a LAAPD (right).
Results
LYSO offers very high light output and energy resolution
as it can be seen in figure 2. A background spectrum exists
and it is dominated by the beta decay of lutetium. But there
is no influence on HEP experiments. From the presented
results it can be concluded that LYSO read out by APDs is
a good option for electromagnetic calorimeters.
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Developmentstatus of the APDs for the PANDA electromagnetic calorimeter 
A. Wilms1, B. Lewandowski1, H. Nowak1, K. Peters1,2, and N. Pitz2
1GSI, Darmstadt, Germany; 2IKF, University Frankfurt, Germany
Introduction
The PANDA electromagnetic calorimeter (EMC) will
consist of nearly 22,000 lead tungstate (PWO) crys-
tals.They will be read out with avalanche photodiodes
(APDs) at a temperature of     Æ. Due to the great
effort in development and fabrication of those photo detec-
tors achieved during the last years, the reachable size of
the device active area is still getting larger. For the readout
of the barrel part of the PANDA-EMC APDs with an ac-
tive area of     (large area APDs (LAAPDs))
will be used. Due to the great amount of LAAPDs used in
PANDA a laboratory for characterization and optimization
of these devices related to the EMC specifications has been
build up at Frankfurt University.
Recent activities
For the characterization and monitoring of the devices
different properties of them have to be measured. The char-
acterization of the manufacturer is done at room tempera-
ture; therefore each measurement has to be done at room
temperature (to exert or vitiate the manifacturers specifi-
cations) and at operating temperature of     Æ. This
is leading to several special requirements for the quality as-
surance of the whole number of APDs used in the PANDA-
EMC. During the R&D phase several measuring equip-
ments were designed and deal with the characterization and
quality assurance of the LAAPDs in different specific as-
pects.
Characterization
Several device properties will be measured at the new
APD laboratory. The capacitance and the dark current are
an important input for the preamplifiers designed by the
ASIC group at GSI as well as the noise of the devices. The
latter parameter will be evaluated by measuring the excess
noise factor of the LAAPDs at the two relevant tempera-
tures. The quantum efficiency depending on the light wave-
length and the uniformity of the device internal gain over
the whole active area will also be measured.
All specification of the APDs will also be determined de-
pending on their wafer positions as well as in terms of spec-
ification fluctuations corresponding to different wafers de-
livered by the manufacturer.
 Work supported by EU/FP6 HADRONPHYSICS (see Annex) and
GSI
Radiation hardness
The radiation hardness of the available prototypes has
to be determined for protons/photons as well as for neu-
tron irradiation. The proton irradiation is done at the KVI
Groningen and a setup for neutron irradiation was designed
for the APD laboratory in Frankfurt to study the increase of
the device dark current during irradiation. This latter mea-
surement will be done at several temperatures which leads
to a very complex design of the apparatus to fulfill all safety
requirements for this kind of radiation studies. First results
of this measurements will be available in the near future.
APD mounting
Another aspect of the APD activities of our group is the
realization of the APD mounting procedure on the rear side
of the crystals. For that reason a capsule has been designed
to mount the APDs, the preamplifier, the light guides of the
light pulser system as well as a temperature sensor properly
on the crystal surface (see fig.1).
Figure 1: Capsule for one LAAPD from the back side:
Shown are the gaps for the preamplifier- and thermistor-
PCBs as well as a hole forseen for light guide mounting.
The material of this capsule has to be an electric shield-
ing meanwhile its heat conductivity has to be good enough
to ensure the cooling of the APDs during the measurement.
Therefore we have chosen poly-ether-ether-ketone (PEEK)
for the first capsule prototype production.
The evaluation of different kinds of glues has also started
during the last month and the measuring equipment for the
screening procedure of the splice between APD and crystal
is under development.
Acknowledgment
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The CBM experiment at FAIR∗
V. Friese, W.F.J. Mu¨ller, P. Senger, GSI Darmstadt, and the CBM Collaboration
CBM physics and detector setup
The planned Compressed Baryonic Matter (CBM) ex-
periment at FAIR offers unique possibilities to investi-
gate baryonic matter at highest densities in the laboratory.
The most promising observables from nucleus-nucleus col-
lisions in the FAIR energy range are particles contain-
ing charm quarks (D-mesons and charmonium), low-mass
vector mesons decaying into dilepton pairs (ρ, ω and φ
mesons), and hyperons (Λ,Ξ,Ω and their antiparticles).
This includes the measurement of (event-by-event) fluc-
tuations, correlations, and collective flow of hadrons. A
systematic and comprehensive investigation of these ob-
servables, in particular their excitation functions, will per-
mit to extract information on the equation-of-state of bary-
onic matter at high densities, on the location of the phase
boundary between hadronic and partonic matter (including
the QCD critical endpoint), and on the restoration of chiral
symmetry at high net-baryon densities.
The experimental task is to identify hadrons and leptons
in collisions with up to 1000 charged particles at event rates
of up to 10 MHz. A particular experimental challenge is the
identification of D-mesons which is based on the selection
of secondary vertices with high accuracy. The measure-
ments require a high-speed data acquisition (DAQ) archi-
tecture and an appropriate high-level event-selection con-
cept.
A schematic view of the proposed CBM detector concept
is shown in figure 1. Inside a large aperture dipole mag-
net there is a Silicon Tracking and Vertexing System which
consists of two parts: a Micro-Vertex Detector (MVD, 2
silicon pixel layers) and the Silicon Tracking System (STS,
several layers of silicon microstrip detectors). The Silicon
detector array has to provide the capabilities for track re-
construction, determination of primary and secondary ver-
tices, and momentum determination. Electrons from low-
mass vector-meson decays will be identified with a Ring
Imaging Cherenkov (RICH) detector. The TRD detector
will provide charged particle tracking and the identification
of high energy electrons and positrons. The ECAL will be
used for the identification of electrons and photons. As an
alternative to the RICH detector a muon detection/hadron
absorber system is under investigation. If the RICH will
be replaced by a muon detector the TRD will be converted
into a tracking detector for hadron measurements together
with the timing RPC. Then the TOF-RPC detector serves
for two purposes: for background suppression during muon
measurements with absorbers, and for hadron identification
with muon absorbers removed.
∗Work supported by EU/FP6 HADRONPHYSICS (see Annex) and by
INTAS
Figure 1: Schematic view of the Compressed Baryonic Mat-
ter (CBM) experiment planned at FAIR. The setup consists of a
high resolution Silicon Tracking System (STS), a Ring Imaging
Cherenkov detector (RICH), three stations of Transition Radiation
Detectors (TRD), a time-of-flight (TOF) system made of Resis-
tive Plate Chambers (RPC) and an Electromagnetic Calorimeter
(ECAL).
Track reconstruction and STS development
The feasibility studies were performed within the CBM
software framework which has been developed further (see
M. Al-Turany et al., this report). The routines for track and
vertex reconstruction have been improved and used for op-
timization of the layout of the Silicon Tracking System (see
I. Kisel et al, this report). Track reconstruction efficiencies
of above 95% can be obtained with a fast and radiation-hard
detector system which consists either of two Silicon hybrid
pixel detector stations together with 4 double-sided Silicon
Strip detector layers, or of 6 Strip-sensor layers only (see
J.M. Heuser et al., this report). The STS can be used as
a stand-alone tracker for high-rate measurements and for
the identification of hyperons (see E. Kryshen, this report).
The Micro-Vertex Detector (MVD) - which is close to the
target and has limitations in radiation hardness and read-out
speed - will be installed only for open charm measurements
which requires high-precision vertexing.
Detector R&D concentrates on the design of a prototype
STS which includes double-sided sensors, the cables, the
read-out chip and the mechanical structure. First proto-
type sensors have been designed and are being fabricated
(see J.M. Heuser et al., this report). Moreover, a fast self-
triggered read-out chip has been developed and is being
tested (see C.J. Schmidt et al., this report).
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Hadron identification via TOF
Hadron identification in the CBM experiment is per-
formed using the time-of-flight measurement in the RPC
detector wall located about 10 m downstream of the target.
This requires track reconstruction and momentum deter-
mination in the Silicon Tracking System, track following
through the TRD stations, and matching of reconstructed
tracks to the hits in the RPCs. The total reconstruction ef-
ficiency for hadrons (STS-TRD-RPC) is well above 80 %.
This result is based on realistic detector layouts and per-
formances (see D. Kresan et al., this report). The R&D
on prototype timing RPCs concentrates on high rate capa-
bility, low resistivity material, long term stability and the
realization of large arrays with overall excellent timing per-
formance (see D. Gonza´lez-Diaz et al., this report).
D meson identification and vertex detector
D mesons will be identified via their hadronic decay into
one or two charged pions and a kaon. In order to suppress
the overwhelming combinatorial background of promptly
emitted pions and kaons one has to determine the D meson
decay vertex with an accuracy of about 50 μm (τ (D0) =
123 fm/c, τ (D±) = 312 fm/c). This measurement requires
an extremely thin and highly granulated pixel detector. We
are developing a Micro-Vertex Detector (MVD) consisting
of two layers of Monolithic Active Pixel Sensors (MAPS)
with a pixel size of 40x40 μm2 and a thickness of 100 μm.
Both vertex resolution and radiation damage increase with
decreasing distance from the target. Simulations have been
performed in order to optimize signal-to-background, ef-
ficiency, distance and detector lifetime (see I. Vassiliev et
al., this report). According to these studies it is possible to
record 3.6 × 105 D mesons in 1012 minimum bias Au+Au
collisions at 25 AGeV within the lifetime of a MAPS. With
a collision rate of 100 kHz the first MAPS station would
have to be replaced after 120 days of running. The R&D
on the MVD concentrates on the improvement of radiation
hardness and readout speed of the MAPS, and on system
integration (see S. Amar-Youcef et al., this report).
Electron identification with RICH and TRD
Electrons and positrons are identified with the RICH de-
tector and with the TRD. The simulations are based on re-
constructed tracks in STS and TRD, on ring recognition
in the RICH photon detector, on ring-track matching, and
on the statistical analysis of the energy loss signal in the
TRD (see C. Ho¨hne et al., this report). With information
only from RICH the pions can be suppressed by a factor of
about 500 up to a momentum of about 9 GeV/c. Taking into
account additional information from the TRD the total pion
suppression factor is larger than 104 for momenta above 1
GeV/c in central Au+Au collisions at 25 AGeV. This value
will be sufficient to discard misidentified pions from the
combinatorial electron background in vector-meson mea-
surements.
The major challenge in the identification of low-mass
vector mesons via their di-electronic decay is to reject the
physical background of electron-positron pairs from Dalitz
decays and gamma conversion. The optimization of back-
ground rejection strategies based on electron identification
by RICH and TRD, using an improved track reconstruction
method for low momentum particles, is in progress (see
T. Galatyuk et al., this report). The combinatorial back-
ground in the mass range of the J/ψ meson can be dra-
matically reduced by the requirement of a high transverse
momentum of the electrons. For example, when requir-
ing electron transverse momenta of pt ≥ 1.2 GeV/c for
central Au+Au collisions at 15 (25, 35) AGeV, signal-to-
background ratios of S/B = 0.8 (1.7, 14.5) and efficiencies
of  = 0.09 (0.12, 0.14) can be achieved for J/ψ mesons
(see A. Maevskaya et al., this report). TRD R&D is focused
on the development of highly granular and fast gaseous de-
tectors which can stand the high-rate environment of CBM.
Prototype gas detectors (based on MWPC and GEM tech-
nology) have been built and tested with particle rates of up
to 100 kHz/cm2 without deterioration of performance (see
M. Petrovici et al. and A. Andronic et al., this report).
Muon measurements with hadron absorbers
As an alternative approach to the dielectron measure-
ment we have studied the possibility of detecting vector
mesons (ρ, ω, φ, J/ψ) via their decay into μ−μ+ pairs.
The idea is to suppress the hadrons with several absorber
layers located behind the Silicon Tracking System. In order
to match the muons which pass the absorber to the tracks
measured by the Silicon tracker (which defines the momen-
tum) one has to track all charged particles through the ab-
sorber. This is done by highly granulated and fast detectors
which are located in each gap between the absorber layers.
The simulations are based on track reconstruction algo-
rithms taking into account a realistic response of the STS
and a position resolution of the muon chambers of σ =
100 μm (see A. Kiseleva et al., this report). The studies
demonstrate that for example the ω meson can be measured
in central Au+Au collisions at 15 (25, 35) AGeV with a
signal-to-background ratio of S/B = 0.16 (0.14, 0.14) and
with an efficiency of  = 0.022 (0.033, 0.044). J/ψ mesons
can be identified with a signal-to-background ratio of about
100 and an efficiency of  = 0.13 for central Au+Au col-
lisions at 25 AGeV. Such a number would be sufficient
for the identification of ψ’ mesons in Au+Au collisions.
For the charmonium experiments the total thickness of the
hadron absorber has to be increased as compared to mea-
surements of low-mass vector mesons.
The challenge for the muon chambers and for the track
reconstruction algorithms is the huge particle density of up
to 1 hit/cm2 per event in the first detector layers. Therefore,
detector R&D concentrates on the design of fast and highly
granulated gaseous detectors based on GEM technology.
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Event reconstruction and hadron identification in the CBM experiment∗
V. Friese1, S. Gorbunov1,2, I. Kisel2,3, D. Kresan1, V. Lindenstruth2, W. F. J. Mu¨ller1, I. Vassiliev1,
and the CBM collaboration
1GSI, Darmstadt, Germany; 2KIP, Universita¨t Heidelberg, Germany; 3LIT, JINR Dubna, Russia
The physics programme of the CBM experiment at FAIR
includes a systematic investigation of hadron production in
heavy-ion reactions as function of collision energy and sys-
tem size. Of particular interest are event-by-event fluctua-
tions in the particle ratios as well as directed and elliptic
flow. For this purposes, excellent identification of pions,
kaons and protons is indispensable. It will also help to re-
duce the background for the measurements of open charm
and hyperons detected by their weak-decay topology.
Hadron identification in CBM will be performed by a
time-of-flight (TOF) wall situated about 10 m downstream
of the interaction target. It thus requires track reconstruc-
tion and momentum determination in the STS, track fol-
lowing through the TRD system, and matching of the track
to the measured TOF hit.
The track reconstruction procedure in the STS is based
on the Cellular Automaton algorithm and has been im-
proved with respect to speed and efficiency. An efficiency
of about 96 % is obtained for primary tracks in central
Au+Au collisions at 25 AGeV. Track fitting is based on the
Kalman filter. This algorithm has been optimised with re-
spect to memory access and speed by using a local polyno-
mial approximation of the magnetic field instead of the full
calculated field map. The momentum resolution is about
1 % almost independent of momentum as shown in figure 1,
demonstrating the dominant effect of multiple scattering.
Figure 1: Momentum resolution as function of momentum
for the standard STS geometry
A 3-D track following method based on a Kalman fil-
ter is employed to prolong the tracks throughout the TRD
system, yielding an efficiency of about 94 %. The global
track is then extrapolated towards the TOF wall, and the
nearest TOF hit is attributed to it. Fig. 2 shows the effi-
ciency of TOF hit matching (left) and the total TOF effi-
ciency (right), including STS and TRD reconstruction effi-
ciencies, as a function of momentum. These results were
obtained with a realistic description of the RPC coordinate
resolution, taking into account the single gap response also
∗Work supported by EU-FP6 HADRONPHYSICS
in case of mutiple hits and inclined tracks. The losses in
TOF-track matching of about 7 % are dominated by parti-
cle decays and double hits in the RPCs. The latter contri-
bution amounts to some 2 % and can be reduced by resolv-
ing double hits in the RPC strip readout. Optimisation of
the RPC pad/strip sizes is ongoing in order to reduce the
number of electronic channels while roughly keeping the
performances.
Figure 2: Efficiency of (left) matching a TOF hit with a
global track and (right) total TOF reconstruction efficiency
as function of momentum
This global event reconstruction scheme, developed in
the course of the last year in the CBMROOT software
framework, gives path to feasibility studies of physics ob-
servables. As an example, fig. 3 (left) shows the recon-
structed squared particle mass from the time-of-flight, track
length and momentum, as a function of momentum, for an
assumed time resolution of 80 ps. The reconstructed mass
spectrum at p = 3GeV is shown on the right side of the
figure. With an overall efficiency of 80 % to 90 %, sepa-
ration of kaons and pions can be achieved up to laboratory
momenta of about 3.5 GeV, while protons can be identified
up to 7 GeV.
Figure 3: (Left) reconstructed particle mass from the TOF
measurement as function of momentum; (right) mass spec-
trum derived from TOF at p = 3GeV
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Electron pair reconstruction in CBM∗
T. Galatyuk1, S. Das1, C. Ho¨hne1, and the CBM collaboration
1GSI, Darmstadt, Germany
The reconstruction of low-mass vector mesons (ρ, ω, φ)
emitted out of the hot and dense phase of relativistic heavy
ion collisions is one of the experimental goals of the CBM
experiment. In this contribution the status on feasibility
studies for their measurement will be summarized. Dom-
inant background sources are random combinations of e−
and e+ from π0-Dalitz decay and γ conversion, the latter
mostly in the target and to a smaller extent in the tracking
stations, the beam pipe and the magnet yoke. In order to
minimize electrons from conversions a single 25 μm gold
target was assumed. A characteristic feature of conversion
and π0-Dalitz decays is the moderate decay momentum of
the electron pair. This generally leads to small opening an-
gles and comparatively small laboratory momenta. A spe-
cial challenge of the current concept is the fact that elec-
tron identification is not provided in front of the magnetic
field. By adding correction coils it is possible to suppress
the field between the target and first Silicon Tracking Sta-
tion. The excellent two hit resolution in the MAPS detec-
tor (< 100μm) gives then a chance to reject close pairs. To
increase the acceptance for low momentum particles the
magnetic field was reduced to Bmax = 0.7 T and the size
of STS 1 to 6 was increased. The strategy of background
rejection described in [1] was applied. The invariant mass
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Figure 1: Di-electron invariant mass spectra for Au + Au
collision system at a beam energy of 25 AGeV, zero impact
parameter, ideal particle ID. Close triangle: accepted com-
binatorial background, open triangle: after cuts. Square: γ,
π0, η and ω-Dalitz, circle: ω and φ, star: ρ0.
spectrum arising after applying all cuts is shown in Fig-
ure 1. The S/B ratio in a ±1.4 σm range around the vec-
tor meson peaks are 0.5 for ω with signal efficiency 15%,
0.6 for φ (23% efficiency), 3 for π0-Dalitz. The optimised
∗Work supported by EU/FP6 HADRONPHYSICS (see Annex)
geometry of the STS detector and changes in the magnetic
field were taken into account, however, no track reconstruc-
tion or particle identification algorithms were used.
A more realistic simulation will include track recon-
struction in the STS and particle ID in the RICH detector.
Considerable efforts went into the problem of tracking in
the STS for low momentum tracks because a large frac-
tion of soft tracks suffers significant multiple scattering in
the detector material. The track reconstruction efficiency
is 90 %. After track model improvements it is possible to
reconstruct tracks with momenta down to 80 MeV (see Fig-
ure 2). To reconstruct the track parameters, tracks were fit-
ted with electron mass using a routine based on a Kalman
filter. The reduction of the magnetic field to 70 % of its
nominal value results in a momentum resolution still well
below 2 %. In order to reject low momentum tracks, which
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Figure 2: Track reconstruction efficiency as a function of
momentum. Triangle: standard tracking algorithm, circle:
improved tracking on low momentum tracks.
have been reconstructed in STS but left the acceptance be-
fore the RICH detector, it is important to have a high purity
of identified electrons. The currently estimated pion sup-
pression using only the RICH detector is about a factor 500
below 8 GeV. This suppression factor can be improved to
more than 104 for tracks with momenta above 1 GeV when
using TRD and TOF information in addition (C. Ho¨hne et
al., this report).
Invariant mass spectra of dielectron pairs including full
event reconstruction and electron identification will be
available in the near future.
References
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Progress in the CBM-TOF wall, R&D and simulation∗
D. Gonza´lez-Dı´az1, M. Ciobanu1, E. Cordier2, A. Semak3, and the CBM collaboration
1GSI, Darmstadt, Germany; 2Physikalisches Institut, Universita¨t Heidelberg, Germany; 3IHEP, Protvino, Russia
The CBM-TOF group aims at providing high π/k sepa-
ration (more than 2-σ in the reconstructed mass) in Au+Au
central collisions at 25 GeV/A, with a coverage of mid-
rapidity by at least 1 unit in y and 1 GeV in pT . These PId
capabilities are needed for probing the QGP phase, through
the study of such fundamental observables as the dynami-
cal fluctuations of the kaon yield, kaon flow, hyperon pro-
duction close to threshold and open charm.
Based on simulation, it was shown that the mentioned
requirements can be satisfied by a tRPC (timing Resistive
Plate Chamber) wall placed at 10 m distance from the tar-
get with 25-30◦ coverage in θ (∼150 m2), featuring a time
resolution of 80 ps and an occupancy per cell below 5% (∼
60.000 cells). In order to cope with the high beam luminos-
ity, the tRPC must handle rates up to 20 kHz/cm2, while the
FEE must process the very fast GHz signals from the tRPC
at an interaction rate up to 10 MHz.
The CBM spectrometer benefits from the excellent over-
all PId capabilities of the TOF wall: for example, the π/e
separation in time of flight is 3-σ for p=1.1 GeV, that pro-
vides extra π suppression (apart from that of RICH and
TRD detectors) in view of di-electron spectroscopy.
Current R&D activities [1, 2, 3, 4, 5] focus on the devel-
opment of high rate capability tRPCs, aiming at extending
their working principle from few hundreds of Hz/cm2 up to
the required rate of 20 kHz/cm2, for CBM usage. But also
improvements on the description of the timing properties of
the detector at high rates have been recently accomplished
[6]. As a consequence of the latter, the idea that the deteri-
oration of tRPC performances at high rates is mainly driven
by the DC column resistivity ρd (resistivity times the resis-
tive plate thickness per gap) is now more sound.
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Figure 1: Compilation of different measurements.
A number of measurements was performed at different
rates under different conditions: with ionizing particles
from carbon collisions at GSI-SIS [1], with 10-40 MeV
∗Supported by JRA12 of EU/FP6 Hadronphysics (see annex), INTAS
Ref. Nr. 03-54-3891 and German BMBF contract 06 HD190I.
electrons at the ELBE LINAC [2, 3] and with γ sources
[4]. Among the more promising candidates for the resis-
tive plates of high rate tRPCs, semi-conductive glasses [2]
and ceramics [4] must me mentioned, whereas the possi-
bility of using warm thin glass deserves also consideration
[5]. A compilation of results is shown in Figure 1, together
with the dependence on rate Φ obtained in [6]:
ε  εo
1 + Ae−B/Φ
, σ
T
 σo(1 + CΦ) (1)
where εo, σo, A, B, C are obtained from the fit to data.
The current theoretical and experimental understanding
of the detector has been used to better model the detector
geometry and its response. Starting from the simulation of
the gap response, a realistic description of the position reso-
lution, inclined tracks and multiple hits have been provided
for the first time. The studies performed after full tracking
through CBM confirm the statements of paragraph 2 (see
D. Kresan et al., this report) and open the path to a detailed
comparison between pad and strip technologies that are
currently existing for the tRPC readout. A first approach to
the final mechanical structure has also been accomplished,
where the distribution of the wall in towers looks by now
the more suited solution, providing a high flexibility and a
comfortable distribution of the weight (Figure 2).
Figure 2: Rear view of the TOF wall, divided into towers.
For the read-out, an ASIC based PreAmplifier-
DIscriminator chip (PADI) was developed and tested to-
gether with the TACQUILA3 digitizer (developed for the
FOPI upgrade), showing a global resolution σ
T
< 10 ps.
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Layout studies and sensor prototypes for the CBM Silicon Tracking System∗
J. M. Heuser1, R. Karabowicz1, E. Kryshen2, Chr. J. Schmidt1, and the CBM Collaboration
1GSI, Darmstadt, Germany; 2St. Petersburg State Polytechnic University, Russia
The Silicon Tracking System (STS) is the central
detector of the CBM experiment. It serves for track re-
construction with good momentum measurement (of about
of 1%) of all charged particles produced in high multiplic-
ity nuclear reactions at the target [1]. For this task a low-
mass silicon tracking detector system of high granularity is
needed. We are currently studying the arrangement of the
tracking stations and designing the prototype of the micro-
strip silicon detectors.
The STS concept, schematically shown in Fig. 1, com-
prises 6 detector stations for the track measurement, made
of micro-strip silicon detectors. Each station is divided
into sensors, with short strips close to the beam line (com-
pare Fig. 2) and with longer strips, realized either on single
wafers or by chaining two or more sensors, in the regions
further outside. The reading of the individual sensors may
be realized by routing the strips’ analog signals from every
sector through thin flat multi-line cables to front-end elec-
tronics at the periphery of the stations (see current R&D
effort in [2]). The projective coordinate measurement of
the sensors leads to a significant fraction of combinatorial
or fake hits, a challenge to the reconstruction algorithms. In
alternative approach two first stations may consist of LHC-
type hybrid pixel detectors, although those are relatively
thick and presumably require active cooling in the aper-
ture. For high-resolution vertex measurements, e.g. open
charm detection, the STS is supported with a Micro-Vertex
Detector (MVD) consisting of two very thin and fine-pitch
MAPS pixel detector stations close to the target.
Figure 1: Schematics of the STS + MVD detector systems.
The micro-strip sensor is intended to be double-sided,
with the strips oriented along the module’s long axis in
the front layer, and a “stereo” direction (with 15◦ stereo
angle) on the second side, The design, shown in Fig. 3, ad-
dresses in particular connectivity issues, so that both sensor
sides can be contacted both at the top and the bottom edge.
The first micro-strip sensors, to be produced in 2007 [3],
∗Supported by EU/FP6 HADRONPHYSICS (see Annex) and INTAS
Figure 2: Silicon micro-strip sensors arranged into mod-
ules of different lengths building up a tracking station.
will have a thickness of 200–300 µm. The prototype will
use chained sensors, readout electronics [4] and mechan-
ical support. The studies will address radiation hardness,
minimization of inactive area near the edges. Readout ca-
bles, made from fine-pitch aluminum traces on polyimide
material will be developed.
Figure 3: (Left) Schematics of the sensor’s stereo side.
(Right) Chained sensors and their interconnections.
The detector stations has been implemented in the simu-
lation framework CBMROOT as discs of silicon, and were
segmented into 50 × 50 µm2 pixels or 50 µm pitch strips,
for hybrid or micro-strip stations, respectively. Recon-
struction efficiencies of about 97% (92%) for primary (all)
tracks exceeding 1 GeV/c momentum, and a momentum
resolution of 1.2% demonstrate the feasibility of the track
measurement with the proposed detector concept.
Current performance studies investigate the effects of
different strip lengths and stereo angles on the track re-
construction. Other detector configurations where e.g. the
hybrid pixel stations are replaced with pairs of micro-strip
stations are considered. Next steps will use more realis-
tic parametrization of the STS, implementing sensor wafers
arranged into modular structures and mounted on mechan-
ical supports.
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Electron identification and J/ψ detection in CBM ∗
C. Ho¨hne1, A. Maevskaya2, S. Das1, S. Lebedev2, A. Ayriyan2, P. Stolpovsky3, G. Ososkov2,
V. Ivanov2, and the CBM collaboration
1GSI, Darmstadt, Germany; 2JINR-LIT, Dubna, Russia; 3IHEP Protvino, Russia
The observation of low-mass dilepton pairs and charmo-
nium in the CBM experiment is one of the key measure-
ments for the study of compressed baryonic matter in heavy
ion collisions. The standard setup of CBM [1] foresees
the measurement of electrons using particle identification
with a ring imaging Cherenkov (RICH) detector and tran-
sition radiation detectors (TRD). In this report first results
on the performance of the CBM detector concerning elec-
tron identification and pion suppression including complete
event reconstruction and particle identification will be pre-
sented. As important application also results on a feasibil-
ity study of a charmonium measurement in the dielectron
decay channel will be discussed.
The simulations were performed for central Au+Au col-
lisions at 15, 25, and 35 AGeV beam energy generated by
UrQMD [2]. Decay electrons from J/ψ mesons were mixed
into these events; for final spectra their multiplicities were
taken from the HSD model [3]. These events were tracked
through the CBM detector using GEANT, the transition ra-
diation in the TRD was approximated by an external model.
The event reconstruction starts with tracking in the STS,
requiring a minimum of 4 STS hits. The tracks are then
extrapolated to the RICH photodetector plane, to TRD and
TOF. Rings are found using ring reconstruction algorithms.
Ring-track as well as TOF hit-track matching were applied
choosing pairs having the closest distance. This way fully
reconstructed events with information on RICH, TRD, and
TOF signals for each track are available.
For ring reconstruction in the RICH detector the most
crucial parameter is the quantum efficiency of the photode-
tector, here existing MAPMTs from Hamamatsu were im-
plemented (H8500-03) yielding about 21 hits per electron
ring. Ring finding efficiencies are about 85 % with less
then one fake ring per event. These fake rings are further
rejected applying a set of quality criteria. A further im-
portant cut is the requirement of a maximum distance be-
tween ring center and track. Placing a cut at 1 cm rejects
only 5 % of good rings with p > 2 GeV/c but reduces the
background by about an order of magnitude. For lower mo-
menta, however, the allowed distance would have to be in-
creased in order to keep this good efficiency, unfortunately
at a loss of purity. As for the J/ψ meson tracks at higher mo-
menta are of prime interest, this is no issue here. Electrons
are then selected choosing a range of radii of 〈R〉 ± 3σ,
with 〈R〉 = 6.17 cm and σ = 0.14 cm. Pions leak into
this band and will be identified as electrons only from 8-
10 GeV/c on. After all cuts the efficiency of electron iden-
tification is about 70 % in the momentum range from 2-7
∗Supported by EU/FP6 HADRONPHYSICS (see Annex) and partly
(A. Ayriyan, S. Lebedev) by RFBR grant No 05-01-00645-a.
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Figure 1: Results of simulations of central Au+Au colli-
sions at 25 AGeV beam energy. Left: Pion suppression for
electrons identified in CBM. Right: Invariant mass spec-
trum of reconstructed J/ψ mesons.
GeV/c. Figure 1 (left) shows the resulting pion suppression
defined as π identified as e
π in RICH acceptance . Up to momenta of about
8 GeV/c pion misidentification is solely due to ring-track
mismatches; from 8 GeV/c on pions leaking into the ra-
dius cut become dominant. Mismatches of proton tracks to
electron rings can be fully eliminated using TOF informa-
tion. Pions are further rejected using energy loss informa-
tion from the TRD. The summed energy loss in the 12 TRD
layers is taken into account as well as the result of a statis-
tical analysis of the energy loss spectrum in each layer [4].
The combined pion suppression in RICH and TRD reaches
values larger than 104 for p > 1 GeV/c.
Figure 1 (right) shows the invariant mass spectrum ex-
tracted after event reconstruction and electron identifica-
tion as described above. In order to suppress the physi-
cal background, a cut on transverse momentum is applied
(pt > 1.2 GeV/c) on each track which shows only negligi-
ble effect on the J/ψ signal due to the high momenta of the
decay electrons. The most crucial factor for a good signal-
to-background ratio is the purity of the electron identifica-
tion. Earlier simulations have shown that a factor 104 pion
suppression is needed which is nicely fulfilled by this sim-
ulation. Within the current simulation, J/ψ reconstruction
efficiencies and signal-to-background ratios are 9 %, 12 %,
14 % and 0.8, 1.7, 14.5 for central Au+Au collisions at 15,
25, 35 AGeV beam energy, respectively.
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Vector meson detection via µ+µ− decays in CBM ∗
A. Kiseleva1, R. Dzhigadlo2, S. Gorbunov3, I. Kisel3, and I. Vassiliev1
1GSI, Darmstadt, Germany; 2University, Kiev, Ukraine; 3University, Heidelberg, Germany
As an alternative approach to the dielectron measure-
ment we have investigated the possibility to detect vector
mesons (ρ, ω, φ, J/ψ) via their decay into μ+μ− pairs. The
muon detection system is located downstream the STS. The
actual design of the muon system consists of 5 hadron ab-
sorber layers made of tungsten, iron and carbon of variable
thickness, and of 16 detector layers with 100 μm position
resolution. The first detector layer is positioned in front of
the first (tungsten) absorber, three sensitive layers are lo-
cated in each gap between two absorbers, and three detec-
tors are located behind the last absorber. For the muon sim-
ulation we take in to account not only STS and the muon
system, but also two stations of the Transition Radiation
Detectors (TRD) and the time-of-flight (TOF) system.
The vector meson decays were simulated with the
PLUTO generator assuming a thermal source with a tem-
perature of 130 MeV. The ω multiplicity for central Au +
Au collisions at 15, 25 and 35 AGeV beam energies is
taken from the HSD transport code [1]. The background
was calculated with the UrQMD event generator. Both sig-
nal and background are transported through the detector
setup using the transport code GEANT3 within the cbmroot
simulation framework. The L1 tracking procedure [2] has
been used for the track finding at STS and muon system,
and for momentum reconstruction at STS. The time infor-
mation from the TOF detector was used for suppression
of punch-through protons and kaons. It turns out that the
resulting background is dominated by muons from weak
decays of charged pions and kaons.
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Figure 1: Dimuon invariant mass spectra for different beam
energies: black - 15 AGeV, gray - 25 AGeV, and solid line
- 35 AGeV. As a signal only the ω meson is included.
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beam energy (AGeV) 15 25 35
S/B ratio 0.16 0.14 0.14
efficiency (%) 2.2 3.3 4.4
Table 1: Signal-to-background ratio and efficiency for ω
detection in Au+Au collisions at different beam energies.
Figure 1 shows the dimuon invariant mass spectra for
central Au + Au collisions at different beam energies. As
a signal only the ω meson was included. The signal-to-
background ratio (calculated in a ±2σ window around the
signal peak) and the efficiency for ω meson detection is
listed in table 1 for different beam energies.
Figure 2 shows the dimuon invariant mass spectrum in
the region of the J/ψ peak for semi-peripheral Au+Au col-
lisions at 25 AGeV. In this case the thickness of all hadron
absorbers was increased by 15%. The background was sup-
pressed by requiring muon transverse momenta of pt ≥ 1
GeV/c, and by kinematical cuts. The resulting signal-to-
background ratio is about 100 and the efficiency is 13%.
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Figure 2: Dimuon invariant mass spectrum in the region of
the J/ψ peak for semi-peripheral Au + Au collisions at 25
AGeV after cuts (see text).
The simulation results demonstrate the feasibility of
dimuon measurements using hadron absorbers in Au+Au
collisions at FAIR beam energies. In order to further sup-
press the muon background from weak decays we will
study a more compact muon detection system. Moreover
the hadron absorbers will be optimized separately for low
mass vector mesons and charmonium.
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High efficiency Transition Radiation Detectors for high counting rate
environments
M. Petrovici, M. Petris¸, I. Berceanu, V. Simion, D. Moisa˘, A. Radu, D. Bartos¸,
V. Ca˘ta˘nescu, A. Herghelegiu, C. Ma˘gureanu, NIPNE-Bucharest
M. Hoppe, A. Wilk, J.P. Wessels, University of Mu¨nster
A. Andronic, C. Garabatos, R. Simon, F. Uhlig, GSI-Darmstadt
One of the options currently considered for lepton identi-
fication with the CBM experiment [1] for FAIR is a shell of
multiple layers of Transition Radiation Detectors (TRD).
Being a heavy-ion fixed target experiment in the energy
range of 5-35 A·GeV the goal of CBM is to look for rare
probes using the unique performance of FAIR in terms of
high intensity heavy ion beams. This requires a high granu-
larity TRD with good performance specifically engineered
for a high counting rate environment. In this context, the
optimization of the e/π rejection factor relative to the num-
ber of layers and electronic read-out channels is a challeng-
ing requirement. Various prototypes [2] based on Multi-
wire Proportional Chambers (MWPC) were designed, built
and tested. Up to intensities of 100 kHz/cm2, no major
deterioration of their performance in terms of pulse height
and position resolution has been observed.
However, this performance was reached at the expense
of a low conversion efficiency for transition radiation in
such a single layer MWPC based TRD. In order to cir-
cumvent this aspect, we designed and built several variants
of a new prototype of TRD based on a double sided pad
read-out electrode[3] with gas volumes on either side. Ne-
glecting about 15% absorption in the central electrode, the
double sided configuration is equivalent to a detector of 12
mm gas thickness, preserving the time response of the one
of half the thickness [4].
Figure 1: Pion efficiency at 90% electron efficiency at 1.5
GeV/c momentum as a function of number of layers
The prototype was tested in-beam at the SIS. The pion
rejection factor was extracted using the likelihood on in-
tegrated energy deposit [5]. The pion efficiency at 90%
electron efficiency at 1.5 GeV/c momentum as a function
of number of layers for a Rohacell radiator is depicted
in Fig. 1. The obtained pion efficiency for 6 layers is
3.32% for an anode voltage of 1800 V. For one run we
used a polypropylene foil stack (120 foils, 20 μm thick-
ness, 500 μm spacing) as radiator. For an anode voltage of
1700 V the obtained pion efficiency is (1.1%). The pion ef-
ficiency using Rohacell radiator at the same anode voltage
is 5.43%, i.e. the regular foil radiator improves the pion
rejection by almost a factor of five. If this improvement
factor is applied to the measurement obtained at 1800 V
anode voltage, a final pion efficiency of 0.67% is obtained
for a 6 layer stack with a regular foil radiator.
Fig. 2 shows the pulse height distributions of pions and
electrons, respectively for 26·103, 65·103, 110·103 and
220·103 particles/(s·cm2) counting rate.
Figure 2: Pulse height distributions for a) protons and pions
and b) electrons as a function of rate
Within experimental errors we conclude that these detec-
tors preserve their pion efficiency performance up to count-
ing rates of ∼200·103 particles/(s·cm2).
Given the performance in terms of counting rate and pion
efficiency this new principle of TRD commends itself as a
viable solution for high counting rate environments. For
a given pion efficiency and granularity it provides an opti-
mum material budget at a reduced number of readout chan-
nels.
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Implementation of a Hough Tracker for CBM* 
C. Steinle1, A. Kugel1, and R. Männer1 and the CBM Collaboration 
1University of Mannheim, Department of Computer Engineering V, 68131 Mannheim, Germany
Abstract: In this report we describe an adaptation 
of the Hough Transform for the tracking of particles 
in the CBM STS detector, together with a possible 
implementation of the algorithm in hardware using 
FPGAs.  
Hough Transform 
The Hough transform is a global method for track find-
ing. All STS detector hits have to be transformed into a 
parameter space according to the components of the track 
momentum p (θ, -q/pxz, m). This leads to our 3D Hough 
transform [1].  
The goal of the implementation is to process the track-
ing with maximum speed, e.g. to process one detector hit 
per clock cycle. Therefore the complicated calculations of 
the Hough transform according to the real detector ge-
ometry and the real magnetic field are implemented with 
look-up tables (LUTs). Since the calculation of the LUTs 
is done offline, any sufficiently precise algorithm can be 
used. 
Unfortunately a direct implementation of the 3D Hough 
space requires a huge amount of memory. This can be 
avoided by the decomposition into several 2D layers, 
where the number of parallely computed layers can be 
adjusted to the existing hardware resources (see figure 1). 
  
Figure 1: Hough Tracker algorithm structure 
Figure 2 shows the realization of the buffer between the 
LUTs. The main elements are a dual-ported RAM (DP-
RAM) and a register for each layer. The task of this unit is 
to store the information from the first LUT together with 
the information needed for the second LUT (see figure 1). 
Further on this data has to be stored in linked lists, while 
one list is needed for each layer. To this each entry of a 
list must have the ability to be moved to a list afterwards. 
Within this context the registers store the DP-RAM ad-
dress of the actual processed entry of the list, while the 
DP-RAM stores the information combined with the ad-
dress of the previous entry (link) of the list. So by proc-
essing the Hough entries one has just to modify the regis-
ters with addresses and to update the corresponding list 
addresses in the DP-RAM, if an entry has to be moved to 
a consecutive list. So the same Hough entry is prevented 
to occur more than once in the DP-RAM, even if it is used 
in more than one list and accordingly more than one layer. 
 
 
Figure 2: Hardware structure of the buffer 
At present the Hough transform is further developed, in 
particular the adjustment of a good algorithm to produce 
the LUTs. We started with the formulas: 
(1) 
 
(2) 
 
Important is in Formula 2 the constant B which represents 
originally a homogenous magnetic field. Within the soft-
ware framework we use instead of the correct inhomoge-
neous magnetic field an optimal constant factor for B at 
each detector plane. Our next step was to use the inhomo-
geneous field directly in the formula. This can be done by 
building the average of the integral of the magnetic field 
from the target to the actual plane. But surprisingly the 
algorithm’s efficiency is decreased. So our next step is to 
use the 4th order Runge-Kutta method to improve the 
track model. This should end up in a better efficiency. We 
are able to use such a method because both sides of our 
transformation are digital and we are using LUTs. 
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Open charm measurement in the CBM experiment∗
I. Vassiliev1, S. Gorbunov1,2, I. Kisel2,3, and the CBM Collaboration
1GSI, Darmstadt, Germany; 2KIP, Ruprecht-Karls University, Heidelberg, Germany; 3LIT, Joint Institute for Nuclear
Research, Dubna, Russia
One of the major experimental challenges of the CBM
experiment is to trigger on the displaced vertex of the D-
meson hadronic decay in the environment of a heavy-ion
collision. This task requires fast and efficient track recon-
struction algorithms and high resolution secondary vertex
determination. Particular difficulties in recognizing the dis-
placed vertex of the rare D meson decays are caused by
weak K0S and hyperon decays which produce displaced
vertices close to the target (the mean life time of the D0
mesons is cτ = 122.9 μm), very low multiplicity and
branching ratio of the D meson production (5.8 · 10−6)
for the central Au+Au collision at 25AGeV, and multiple
scattering in the beam pipe and detectors.
To study the feasibility of open charm mesons measure-
ment in the CBM experiment 104 central Au+Au UrQMD
events at 25 AGeV have been simulated. K− and π+
pairs from D0 decays have been added to each event in or-
der to simulate a signal in the environment of background
hadrons. A realistic STS geometry with 2 MAPS, one hy-
brid and 4 double-sided strip detectors has been used. The
first MAPS detector have been placed at 10 cm downstream
the target in order to reduce radiation damage. The pri-
mary vertex was reconstructed with high accuracy (5.7 μm
in z direction, 1.0 μm in x and y) from about 450 tracks
fitted in the STS with a non-homogeneous magnetic field
by the Kalman filter procedure [1]. The resolution in the z
distribution of the secondary vertex of 54 μm as achieved
by the fitting procedure is sufficient to separate detached
secondary vertices from the primary vertex.
Because of originating from a displaced decay vertex,
the D0 meson daughter tracks have a non-vanishing im-
pact parameter at the target plane. Since the majority of the
primary tracks have very small impact parameter, a signif-
icant part of the combinatorial background can be rejected
using a cut on their χ2 distance to the primary vertex. The
combinatorial background is suppressed as well by the z-
vertex cut to select detached vertices, the requirement for
the D meson momentum to point to the primary vertex, the
pt-cut and the vertex χ2 cut for good quality secondary ver-
tices. After applying all cuts the background is suppressed
by a factor of 105 in the signal mass region, and the D0
reconstruction efficiency is 8.2% . The shape of the back-
ground in the signal IM region has been estimated using
the event mixing technique. The resulting background plus
D0 signal spectrum is shown in Figure 1. The signal to
background ratio is about 0.8 .
A novel algorithm has been developed to reconstruct the
D0’s life time and the decay length together with their cor-
∗Work supported by EU-FP6 HADRONPHYSICS (see Annex)
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Figure 1: The D0 and background invariant mass spectrum.
The estimated spectrum corresponds to 2.5 · 107 minimum
bias events.
responding errors. The algorithm first finds the primary
vertex using all reconstructed tracks, and then the D0 me-
son is reconstructed from its two daughter particles K−
and π+ using the primary vertex as the production point.
The accuracy of the life time is 9.8 μm/c, showing that
the reconstructed D0 particles are well separated from the
primary vertex. Figure 2 gives the distribution of the re-
constructed D0 life time with the fitted mean value of
(122.8± 2.0) μm.
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Figure 2: Distribution of the reconstructed D0 mesons life
time.
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Achievements of CMOS Pixels for the CBM Micro-Vertex Detector (MVD)
S.Amar-Youcef1, A.Besson2, G.Claus2, M.Deveaux1,2,3, A.Dorokhov2, W.Dulinski2, S.Heini2,
A.Himmi2, K.Jaaskelainen2, Ch.Mu¨ntz1, F.Rami2, J.Stroth1, I.Valin2, and M.Winter2
1J.W.Goethe Universita¨t, Frankfurt; 2IPHC and Universite´ L.Pasteur, Strasbourg; 3GSI, Darmstadt
It was already established that CMOS sensors provide
the single point resolution and reduced material budget re-
quired for the ambitioned MVD vertexing performances.
Achieving these performances in the CBM running con-
ditions is however challenging, especially because of the
required radiation tolerance and read-out speed. Important
steps addressing these issues were made in 2006. More-
over, a new generation of real size sensors was fabricated,
to be used for thinning and system integration studies [1].
Fast read-out architecture
The fast read-out architecture developed for the CBM
MVD extrapolates from the MIMOSA-8 prototype, de-
signed for the ILC vertex detector. The sensor includes
correlated double sampling micro-circuits and discrimina-
tors, and delivers discriminated binary signals [2]. Its
single point resolution was evaluated in Summer 2006 at
the CERN-SPS. A resolution of  7 µm was found, i.e.
slightly better than the intrinsic resolution (∼ 7.2 µm) re-
flecting the pixel pitch (25 µm). This result indicates that
integrated ADCs may not be mandatory to get a single
point resolution as small as ∼ 5 µm, provided the pixel
pitch is kept small enough (typically  18 µm). This per-
spective coincides with the need for a small pitch in order
to enhance the sensor tolerance to bulk damage, by reduc-
ing the distance the signal charges have to cross in order to
reach a sensing diode.
MIMOSA-8 was manufactured in TSMC 0.25 technol-
ogy, which features a  7 µm thick epitaxial layer. The
chip was translated in 2006 into the AMS 0.35 OPTO tech-
nology (MIMOSA-16), where the layer is ∼ 11 µm thick.
Besides a larger signal amplitude, MIMOSA-16 also in-
cludes other improvements: enhanced tolerance to ionising
radiation (MIMOSA-15 pixel architecture [2]), as well as
pixels incorporating high gain amplification micro-circuits.
Since it is not yet clear whether integrating an ADC at
the end of each column may be avoided, various ADC ar-
chitectures are being developed, in synergy with the ILC re-
quirements. The first ADC prototypes (5-bit Wilkinson and
4-bit successive-approximation ) designed at IPHC were
submitted to fabrication in Autumn 2006. Prominent de-
sign challenges include compactness, aspect ratio, signal
processing speed and power dissipation.
Radiation tolerance
Radiation tolerance studies started with MIMOSA-15 in
2005 [2] were complemented in 2006 with ∼ 5 GeV/c e−
beam tests at DESY.
A sensor exposed to an integrated dose of ∼ 1 MRad
(obtained with a 10 keV X-Ray source) was observed to
still exhibit a S/N ratio of 19 (it was 27 before irradiation),
and a detection efficiency of ∼ 99.9 % at a coolant tem-
perature of -20◦C (180 µs integration time). These perfor-
mances validate the pixel architecture implemented against
parasitic leakage current generated by ionising radiation.
MIMOSA-15 chips irradiated with 1 MeV neutrons
were studied on the same beam. A sensor exposed
to ∼ 2·1012neq/cm2 still exhibited a detection efficiency
above 99 % at a coolant temperature of -20◦C. For a flu-
ence of ∼ 6·1012neq/cm2, the detection efficiency dropped
to ∼ 80 %. Given the available room from improve-
ment, these results indicate that fluences  1013neq/cm2
per MVD layer are likely to be tolerable.
Improvements include pixel design optimisation and fab-
rication process choices which reduce the diffusion path of
the signal electrons before reaching a sensing diode. Ef-
forts were made in 2006 towards this goal, on the one hand
by designing pixels featuring L-shaped sensing diodes and
on the other hand by fabricating a sensor in a BiCMOS
process featuring an epitaxial layer with a relatively high
resistivity expected to allow for substantial depletion.
New generation of real size sensors
The most attractive fabrication technology characterised
so far is the AMS-0.35 OPTO process. Excellent tracking
performances were obtained with 5 consecutive small pro-
totypes fabricated in this technology since late 2003, which
was chosen for the sensors currently developed for short
term tracking applications (STAR HFT, EUDET beam tele-
scope). The latter triggered an engineering run in 2006,
which was used to produce simultaneously a real size,
multi-purpose sensor, intended to equip a first generation
MVD demonstrator. The sensor, which features 256x256
pixels of 30 µm pitch, is read out in  1 ms. It was fabri-
cated in 2 different versions, one where the epitaxial layer
is ∼ 11 µm thick (default value) and one where it is ex-
pected to be 16 µm (new commercial option). The engi-
neering run was also motivated by the possibility to study
the fabrication yield and to have a stock of real size sensors
available for thinning and system integration studies.
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Development of Microstrip Sensors for the CBM Silicon Tracking System∗
J. M. Heuser, Chr. J. Schmidt, GSI, Darmstadt, Germany, and the CBM Collaboration
We have designed the first prototype of a silicon
micro-strip sensor that can serve as a building block of
detector modules for CBM’s Silicon Tracking System.
Tracking Stations
The tracking stations are planar arrangements of
micro-strip sensors, grouped into several modules of either
the same or different length, that cover at given positions
downstream of the target the fiducial area approximately
between 2.5 and 25 degrees polar angle. Figure 1 visual-
izes this station concept with a vertical orientation of the
modules and the long direction of the strips perpendicu-
lar to the bending plane of the magnet for best momen-
tum measurement. The first and smallest station may be
as close as 30 cm to the target. The last and largest sta-
tion will be in about one meter distance from the target.
One of the key requirements of the Silicon Tracking Sys-
tem is a low-mass design to achieve momentum measure-
ment with about 1% resolution. Silicon micro-strip detec-
tors are compatible with a low-mass design as the sensors
themselves are thin. With an appropriate module struc-
ture, active readout electronics with its cooling require-
ments and material involved may be avoided in the aper-
ture. The strongly inhomogeneous track density profile
makes a sectorized module structure necessary. Close to
the beam line, a module must comprise sensors with short
strips. Longer strips, realized either on single wafers or
by chaining two or more sensors, can be employed in the
regions further outside. Those different “sectors” must be
read out individually. This may be realized by routing the
strips’ analog signals from every sector through thin flat
multi-line cables to front-end electronics at the periphery
of the stations.
Figure 1: Silicon micro-strip sensors arranged into mod-
ules of different lengths building up a tracking station.
∗Supported by EU/FP6 HADRONPHYSICS (see Annex) and INTAS
Sensor Design
We focused on a sensor compatible with this detector
module structure. The design, shown in Fig. 2, addresses in
particular connectivity issues. We intend to employ double-
sided sensors with one strip orientation along the module’s
long axis, and a “stereo” direction on the second side. We
strived to accomplish that both sensor sides can be con-
tacted both at the top and the bottom edge. On the stereo
side, this requires interconnections on a second metal layer
between the strips of the two corner regions. This layout
will enable us to chain several sensors, thus forming long
strip sectors for the outer regions of the tracking stations.
A staggered arrangement of the contact pads was applied
allowing a wire-bonding scheme that conserves the corre-
lation of neighbouring channels through the chain up to the
readout electronics. Small stereo angles are preferred as
unavoidable dead area on the sensor sides is kept small.
Figure 2: (Left) Schematics of the sensor’s stereo side.
(Right) Chained sensors and their interconnections.
Detector R&D
The first sensors, to be produced in 2007 [1], will have
a thickness of 200–300 µm, are double-sided with 2×1024
AC-coupled strips of 50 µm pitch and feature a 15◦ stereo
angle between front and back side. They will be utilized
for the construction of a prototype detector module: an
assembly of chained sensors, readout electronics [2] and
mechanical support. Forthcoming prototypes will address
radiation hardness, the minimization of inactive area near
the edges, and will touch e. g. the biasing technique and
the layout of the guard rings structure. The development
of readout cables, made from fine-pitch aluminum traces
on polyimide material for minimum material budget, is a
particular important task. The capacitance of sensor and
cable at the input of the front-end electronics must be small
enough to achieve a sufficiently large signal-to-noise ratio.
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Feasibility of hyperon detection in the CBM experiment∗
E. Kryshen1, V. Friese2, and the CBM collaboration
1SPbSPU, St. Petersburg, Russia; 2GSI, Darmstadt, Germany
The measurement of hyperons will enable the CBM
experiment to characterise the strangeness content of the
fireball created in high-energy nucleus-nucleus reactions,
one of the key observables to access the collision dynam-
ics. CBM aims at multi-differential measurements (spectra,
flow) as function of collision energy and system size, which
is a challenging task in particular for the rare Ω close to its
elementary production threshold.
Hyperon detection is performed in the tracking system of
CBM (STS, see J. Heuser et al., this report) exploiting the
topology of weak decays into charged hadrons. The feasi-
bility studies are based on transport through the field and
detector geometry, simulation of the anticipated detector
response and reconstruction of tracks and secondary ver-
tices in the STS (see I. Kisel et al., this report), all inside
the software framework CBMROOT (see M. Al-Turany et
al., this report).
Details about simulation and analysis can be found
in [1]. The hyperon detection feasibility was studied for
central Au+Au collisions at 25 AGeV using an improved
STS layout and digitisation scheme (2 hybrid pixel stations
and 6 double-sided strip stations with 50 μ m strip pitch
and 5◦ stereo angle) and an advanced secondary track find-
ing algorithm. In addition, the topological analysis was
refined with respect to that presented in [1]. The main
cut parameters to suppress the combinatorial background
of uncorrelated pions and kaons are the track impact pa-
rameter in the target plane, the distance of closest approach
of the track pair, the impact parameter of the reconstructed
mother track, and the position of the fitted decay vertex
along the beam axis.
Figure 1: Invariant mass signals for (left) Ξ− → Λπ− and
(right) Ω− → ΛK− for central Au+Au collisions at 25
AGeV after acceptance and topological cuts
The invaraint-mass signals for Ξ− and Ω− obtained af-
ter all topological cuts are shown in figure 1. The hyper-
ons can be reconstructed almost background-free due to
∗Work supported by EU-FP6 HADRONPHYSICS
the excellent performance of the tracking system. Table 1
shows the obtained geometrical acceptance, reconstruction
efficiencies and signal-to-background ratio for Λ, Ξ− and
Ω− after track reconstruction and all topological cuts.
Acceptance Efficiency S/B
Λ 0.171 0.56 110
Ξ− 0.065 0.26 39
Ω− 0.075 0.36 86
Table 1: Geometrical acceptance, reconstruction efficiency
and signal-to-background ratio for hyperons in central
Au+Au collision at 25 AGeV
Lately, it has been proposed that the CBM experiment
could in addition be operated at SIS-100 for beam ener-
gies between 2 and 10 AGeV. Thus, the study has been ex-
tended towards smaller collision energies. Here, the mea-
surement becomes tedious because of the extremely low
hyperon production rates, e. g. about 10−3 for Ω− in cen-
tral Au+Au at 6 AGeV. The ΛK− invariant mass distribu-
tion after all cuts for this collision system is shown in fig. 2
(left). It is clearly dominated by the background. However,
assuming perfect PID of the secondaries, a significant sig-
nal can be obtained (fig. 2, right). Thus, a measurement of
the Ω at this sub-threshold energy is still possible provided
the charged daughter particles can be identified by means
of the CBM-TOF detector (see D. Gonza´lez-Diaz et al., this
report).
Figure 2: Invariant mass signals Ω− → ΛK− for central
Au+Au collisions at 6 AGeV after acceptance and topo-
logical cuts. The left panel shows the distribution without
PID, the right panel with perfect identification of the sec-
ondaries.
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Detection of Fast Neutrons for R3B at FAIR∗
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The R3B project at the FAIR facility at GSI aims for in-
vestigations of unstable nuclei by means of reactions with
high-energy radioactive beams in inverse kinematics [1].
The physics program of this project includes studies of re-
actions involving the emission of neutrons with projectile-
like velocities. In order to perform kinematically complete
measurements, a high energy neutron detector is required.
For this purpose, the high resolution neutron time-of-flight
spectrometer NeuLAND is being developed.
The desired neutron momentum resolution of NeuLAND
is Δp/p = 10−3, which is similar to that for the measure-
ment of charged particles. Since the neutron flight path will
range from 10 to 35 m, this momentum resolution can be
reached at a time-of-flight resolution of σt < 100 ps and
a position resolution of σx,y,z  1 cm. For measurements
involving the maximum flight length of 35 m, an invariant-
mass resolution of about ΔE = 30 keV at 1 MeV above the
neutron threshold can be achieved for medium-mass nuclei
at beam energies of about 500 MeV per nucleon. The de-
sign parameters also ask for a neutron detection efficiency
of more than 90%.
The existing neutron detector LAND [2] uses organic
scintillator as detection medium and iron as passive con-
verter. With this configuration, a time resolution of about
σt ≤ 250 ps and a position resolution of σx,y,z  3 cm is
observed. For NeuLAND, the feasibility of using multigap
Resistive Plate Chambers (RPC) is being investigated,
since they offer time resolutions down to 50 ps for min-
imum ionizing particles. Neutrons that interact with the
iron converter will produce hadronic showers, dominated
by protons at various energies. Since up to now, the
response of RPCs to non-minimum ionizing particles is
not well known, a test experiment with proton beams has
been carried out at KVI in Groningen (Netherlands).
Two different RPC types have been investigated dur-
ing this experiment with proton beams at 190 MeV, 120
MeV, and at several energies between 80 and 30 MeV. The
first RPC, built by the FOPI collaboration [3], was a 90 ×
4.6 cm2, 2 × 4 gap RPC (220 μm gaps), with a 16-strip
anode. The second RPC was a shielded 2 × 2 gap RPC
[4], a technology also foreseen for the HADES RPC TOF
wall, provided by LIP-Coimbra and composed of five 60×
2 cm2 structureless electrodes that define 300 μm gaps. The
standard RPC gas mixture was used for both RPCs with a
∗ Work supported by BMBF (contract no. 06MZ222I) and EU, EU-
RONS (contract no. 506065).
total gas flow of approximately 3.6 l/h. Typical high volt-
age values were -9.5 kV for the FOPI RPC and +6.25 kV
for the LIP-Coimbra RPC. A 5 mm round collimator was
placed in front of the setup, and the beam rate was kept
at 100-200 counts per second. Futhermore, two plastic-
scintillator counters were used for the trigger logic and time
reference.
Figure 1 shows the time spectrum of strip 4 of the FOPI
RPC for 120 MeV protons and an operating voltage of
-9.5 kV. A time resolution of σt  45 ps was observed.
The time resolution stays at reasonable values (σt  60 ps)
down to the lowest possible energy for the given setup
(Eprot  30 MeV). In case of the FOPI RPC efficiency, we
could determine a lower limit of 90% for all proton ener-
gies used.
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Figure 1: Time resolution of a FOPI RPC strip with
120 MeV protons. TDC conversion factor 40 ps/channel.
Although the electronic readout was optimized for the
FOPI RPC, the measurement with the LIP-Coimbra RPC
yielded time resolutions of σt  80-100 ps and efficiencies
of nearly 100%.
These results demonstrate the feasibility of the neutron
detection concept using converter plus RPCs for charged-
particle detection. A dedicated prototype adapted to the
NeuLAND concept and geometry will be developed and
tested in the near future.
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The R3B experimental program related to the investiga-
tion of reaction mechanisms with heavy beams (fission,
fragmentation or multi-fragmentation) requires a high-
resolution time-of-flight detector (ToF-wall) for residual
nuclei identification. The main requirements of this detec-
tor are to cover the full acceptance of all charged particles
and ions produced in relativistic heavy-ion collisions (50
mrad), a good granularity and an excellent time-of-flight
resolution to fully identify nuclei around mass 200. For a
15 m flight path the detector should cover a surface close
to 2 m2 with individual detection cells of few cm2. The
flight path, together with the bending power of the R3B
magnet and the position resolution of the tracking detec-
tors (200 μm) impose a time resolution for the ToF mea-
surement around 50 ps (σ).
The technical solution adopted for the construction of
this ToF-wall is based on the use of resistive-plate cham-
bers (RPCs). These gas detectors have been proved to
provide excellent time resolution and good efficiency with
minimum ionising particles [1]. However, they have never
been used with heavy ions, requiring thus an important
R&D effort.
At the University of Santiago de Compostela we initiated
a year ago a program for construction and test of RPC pro-
totypes with ion beams. Several designs and construction
materials are being employed to produce different proto-
types. In particular, we have constructed and tested proto-
types built with four layers of 1 mm thickness soda-lime
float glass with a surface of 60×5 cm2 defining two gaps
of 300 μm. The signal is picked up from a common inner
copper electrode with a thickness of 2.5 cm while the outer
layers are grounded. This structure is surrounded by fibre-
glass (G10) acting as mechanical support [2]. Moreover, an
active impedance adaptor placed close to the RPC electrode
pickup is used to improve the quality of the signals.
These prototypes were tested with cosmic rays and a
12C beam at 400 A MeV at GSI. Two plastic scintillators
placed in front and behind the RPCs provided the trigger
for timing and efficiency determination. The signals were
recorded with a 4 GHz Tektronix oscilloscope (TDS 7404)
set at 10 Gs/s.
The signals recorded during the irradiation of the RPC
prototype with a 12C beam at 400 A MeV, an intensity of
with few 102 12C/s and a beam spot of about 25×25 mm2
at the RPC position, show a typical amplitude of 10 mV
with a noise level around 0.5 mV (RMS) allowing to de-
fine a clear threshold discrimination. The efficiency of the
measurement was determined selecting events with good
correlation between the charge integral and the amplitude
∗ casarejo@usc.es
of the signals as shown in Fig. 1. This criterion allowed us
to determine a detection efficiency higher than 80% for op-
eration voltages between 4.4 and 5.0 kV. Considering the
uncertainties due to the geometrical overlap between the
scintillators and the RPC electrode, and the profile of the
beam we can conclude that the two-gaps RPC presents an
excellent detection efficiency for highly ionising particles
such as 12C.
Figure 1: Scatter plot of the correlation between the charge
integral and the amplitude of the signals produced by the
RPC prototype described in the text, during the irradiation
with a 12C beam at 400 A MeV.
The present measurements yield a time resolution
around 250 ps for the combined RPC+trigger system. This
value is largely affected by the fact that the discrimination
electronics for the scintillator signals and the recording os-
cilloscope were placed outside the experimental cave, 20
meters away from the detectors. Therefore, this results will
be easily improved in future measurements with a better
definition of the trigger timing.
In the next future we foreseen to continue our R&D
program developing multi-strip RPC layers coupled to the
TAQUILA[3] readout cards developed by the DVEE de-
partment at GSI for the FOPI experiment.
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Fragment tracking with Si microstrip detectors* 
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The performance of a new set-up of double-sided sili-
con micro-strip detectors (DSSD) developed for the R3B 
project [1] has been investigated in a production run 
aimed at measuring two-proton fragmentation of 20Mg 
and 17Ne [2]. 
To record simultaneously protons and the residual nu-
clei in micro-strip detectors requires both low-noise and 
wide-range integrated-circuit amplifiers. The present 
front-end electronics [3] uses VA64_hdr9 chips from 
IDEAS, Norway. The serialized differential linear output 
signals are fed into newly developed NIM modules 
(SIDEREM [4]) that digitize the signals, perform pedestal 
and common-noise subtraction and send the data via the 
serial data bus (GTB) to a universal VME interface mod-
ule (SAM5) for integration into the standard GSI data-
acquisition system, MBS. 
Our experimental results show that both protons and 
heavy ions can be identified with good signal-to-noise 
ratio and high resolution. In Fig. 1 we show the energy-
deposition spectra of ions ranging from protons to Mg 
corrected for variations in the gain of the individual chan-
nels and in the charge-collection efficiency dependent on 
the inter-strip hit position. The correction is different for 
the junction (S) side and the ohmic (K) side. 
 
 
 
Figure 1:  DSSD energy-loss spectrum, S-side. In the in-
sert we show the proton spectrum detected in coincidence 
with 17Ne fragments obtained from 20Mg break-up. 
 
Due to capacitive coupling between neighbouring strips 
the width of a hit cluster (defined as the number of adja-
cent strips showing a charge collection above 2σ of the 
noise level) depends on the total energy deposited in a 
cluster, i.e., on the atomic number Z of the ion. In Fig. 2 
we plot the observed cluster widths as a function of Z. It 
is obvious that protons (which mostly fire a single strip) 
can be detected together with heavy ions only if they are 
well separated from the heavy-ion-peak centroid. The 
energy window for which the detectors show linear en-
ergy response is from minimum ionising particles up to 
16 MeV for the K-side and  23 MeV for the S-side. 
       Figure 2: Cluster width as a function of Z. 
 
The DSSD setup will be used in 2007 for astrophysical 
experiments (Coulomb breakup on Pb targets as time-
reversed p-capture) and for quasi-free-scattering experi-
ments on CH2 targets. In the latter case, four detectors 
form a box around the beam axis covering an angular 
range of 15 to 75 degrees to detect protons from both tar-
get and projectile in (p,2p) reactions. This detection sys-
tem serves as a prototype for the R3B recoil detector, 
which will be composed of a two-layer Si-strip tracker 
enabling the use of extended, thick liquid-H targets for 
quasi-free-scattering experiments with low-intensity ra-
dioactive beams. 
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CALIF a Calorimeter for in-flight detection of γ-rays and light charged
particles for the R3B@FAIR experiment
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M. Gasco´n, O. Kiselev, I. Kojouharov, R. Lemmon, A. Maira-Vidal, N. Montes, S. Tashenov,
O. Tengblad, M. Turrio´n, J.M. Udias and R. Wolski for the R3B collaboration
A calorimeter for in-flight detection of γ-rays and light
charged particles is one of the main detection systems of
the R3B experiment at FAIR. This detector will be used in
most of the physical cases presented in the R3B Technical
proposal [1], though the requirements differ significantly
from one case to the other. In some cases it is the γ-ray sum
energy that is required (σ(Esum)/〈Esum〉 < 10%), while in
others the detector has to be able to provide γ-ray multi-
plicities (σ(Nγ)/〈Nγ〉 < 10%) and individual γ-ray ener-
gies (2-3 % ΔE/E) for spectroscopic purposes. As a key
requirement the detector has also to act as the calorime-
ter for the target Silicon recoil detector described in [1, 2].
Hence, the detector has to stop and measure the total en-
ergy of high-energy light charged particles, i.e. protons up
to 300 MeV, with good energy resolution (2-3 % ΔE/E).
The main properties of this device, high total absorption ef-
ficiency (≥ 80% for γ’s at 15 MeV in the laboratory frame)
and good angular resolution(≈ 1 deg for Θ ≈ 35 deg), are
imposed by the very particular kinematics of energetic γ-
rays (up to 30 MeV in the CM system) emitted by sources
moving with relativistic velocities and by the typically low
intensities of the secondary beams involved. In order to
ensure these nominal values in all the angular domain, the
polar angular segmentation and the thickness of the scin-
tillation material will be optimise for separate angular re-
gions. All these considerations determine the choice of the
device geometry.
Several options are under study to guarantee the polar seg-
mentation. In a first design, we propose a detector divided
into small frustum-like crystals. The dimensions and type
of scintillator used would depend on the γ-ray emission an-
gle (finger-like solution). Each crystal will be coupled to an
individual readout device, being the final angular resolution
determined by the crystal entrance area. Another posible
solution is based on larger area crystals coupled to several
readout devices and where the final angular resolution will
be deduced from the combined information from the dif-
ferent sensors. Finally, a third solution would consider two
detection stages, the first one made of thin detectors with
very high granularity, providing the angular resolution, and
the second one with larger area and thick crystals ensuring
the total absorption function.
Extensive simulations using the GEANT4 package and
based on the first geometrical approach have been per-
formed. In the present design (Figure 1), around 5000
crystals will surround the reaction target with a total length
of 130 cm, 35 cm of internal radius and external variable
radius ranging between 46-77 cm. We distinguish a cen-
tral part or BARREL, with cylindrical shape, covering po-
Figure 1: Graphical representation of a preliminary geo-
metrical design of the R3B calorimeter.
lar angles between 40 and 130 degrees, and an ENDCAP,
with semi-spherical shape, for polar angles between 7 and
40 degrees. The crystals have the form of pyramidal frus-
tum with rectangular base, with the axis orientated approxi-
mately towards a fixed point (the target, in coincidence with
the center of coordinates of the system from which the po-
lar angles are measured). The amount, size and form of
the crystals are fixed to ensure the angular segmentation
needed and to get a complete circle (ring). There are 5 dif-
ferent types of crystals in the BARREL and up to 24 in the
zone of the ENDCAP, where at low polar angles, it is com-
plicated to close a volume without gaps.
The selection of the appropriate scintillation material and
readout device is another critical parameter that would de-
termined the nominal energy resolution of the detector.
Presently, several inorganic scintillators are under study,
namely LaCl3(Ce), LaBr3(Ce), CsI(pure) and CsI(Tl). The
first three materials have a rather good intrinsic resolution
(in the order of 3% for 662 keV γ’s) what coupled with an
appropiated readout device will match the detector require-
ments. However, they present some disadventages: the first
two are at present rather expensive and highly hygroscopic
and the third one needs to be cooled down to LN2 temper-
atures to achieve this value. Those factors justify the study
of CsI(Tl) crystals coupled to adecuate sensors (APD or
PM) that with a moderate energy resolution (lower than 5%
for 662 keV γ’s) could be a plausible solution, at least for
backward angles (BARREL).
This work is partially supported through EURONS (EU
contract No 506065) and the Spanish Research and Science
Ministry (FPA2005-00732 and FPA2005-02379).
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Detector systems for the ELISe interaction zone* 
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The achievable resolution for the ELISe spectrometer 
system [1] is governed by the properties, i.e. resolution 
and induced straggling, of its constituting tracking detec-
tors. The requirements of operating the detectors within 
the proposed setup pose serious demands on the reliability 
and ability to be mounted in a self-supported way in vi-
cinity to the NESR/EAR interaction zone. The material 
budget in the path of the electrons emerging from the in-
teraction zone is of major concern. Straw tubes seem to 
fulfil most of these requirements. A prototype assembly 
has been put into operation in the GSI detector laboratory. 
A second straw tube array has been built and will be used 
together with the existing one in a test experiment at the 
S-DALINAC electron accelerator in Darmstadt. The ex-
periment is going to be carried out there in within the first 
half of 2007 in collaboration with the Institute of Nuclear 
Physics. 
In addition to an earlier described method to measure 
the performance of the detectors [2] we propose a second 
independent one that will help to improve the accuracy of 
the position determination. The procedure is based on 
using 2 sets of the straw tubes (see Fig.1). For the simula-
tion calculation, the energy and diameter of the electron 
beam were chosen to be 70 MeV, and 1 mm, respectively. 
The thickness of the target and the thickness of the alumi-
num foil are assumed to be 0.5 mm, and 0.1 mm. The 
distance between the first detector and output window 
was set to be 1 cm, the diameter of each straw tube is 8 
mm, the thickness of the mylar shell 0.11 mm. A mixture 
of argon (80%) and CO2 (20%) with atmospheric pressure 
inside the detectors was assumed. A 20cm thick layer of 
air between output window and second detector group is 
taken into account.               
Figure 1: Test set-up for straw tube performance tests. 
 
To exclude low energy background contributions, a 
BaF2 scintillator detector will be used. Its size is 10 x 5 x 
4 сm3; diameter of the photocathode of PM is 16 mm. The 
distance between the center of the BaF2 detector and the 
axis of the drift detector 6 is 10 cm. 
 
Figure 2: Simulated coordinate distributions in the second 
detector group depending on the number of detectors 0-4 
corresponding to the labels a)-e) respectively. A summary 
plot is shown in panel f). 
GEANT simulations have been performed for the 
whole setup. As a result a suppression of the low energy 
tail to one percent and an estimate for the multiple scatter-
ing contribution per detector (see Fig. 2) of about 4,7 
mrad at 70MeV electron energy is found. Scaled to the 
electron energy of the collider, this value will be suffi-
ciently small. 
The experimental verification of these results will allow 
to confidently use simulation calculations in order to op-
timize the number of straw tube layers, i.e. the achievable 
detection efficiency, with respect to the possible resolu-
tion of the electron spectrometer. 
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The detection and identification of ions in the ring-arc 
sections of the NESR being used as spectrometers is one 
of the common instrumentation issues for the FAIR in-
ring experiments (AIC, EXL, ELISe, SPARC). 
The characterization of long-range particles which are 
produced in nuclear collisions at intermediate and high 
energies is here at interest. The range of these particles is 
in the order of several tens of cm (for example in Si sol-
ids). At present, in order to register long-range fragments 
mainly CsI detector walls are used, which provide an en-
ergy resolution order 1%. However, it is problematic to 
operate CsI detectors in vacuum (especially in ultra-high 
vacuum). 
The objectives of this paper is to show the results of a 
carried out evaluation of available detector systems and 
techniques which could be used for detecting high-
ionizing particles in a wide energy region (i.e. from sev-
eral MeV/u up to several 100 MeV/u) with a high energy 
resolution (order 10 -3), in order to be able to distinguish 
projectile-like fragments from the non-reacting ion beam, 
that are expected to fall very close in their magnetic rigid-
ity. We also aim for a 100% detector efficiency and reli-
able (Z,A) identification power. 
For this a Si detector type was chosen as being widely 
available and satisfying indicated above requirements. An 
advantage of thick silicon detectors in comparison with 
HPGe is the low atomic number which is responsible for 
a suppression of the gamma ray background through 
Compton scattering. We used sufficiently low cost indus-
trially produced high resistively silicon (1000–2500 Ω 
cm). A coaxial lithium drift technology was applied. In 
contrast to planar technology it uses a radial electric field 
to drift Li from the detector surface onto the center fol-
lowing the applied electric field gradient.  
 
Figure 1: View of a wall of 22 hexagonal Si detectors. 
The detectors (Fig. 1.) under investigation [1-3] have 
the following dimensions: 28–30mm in diameter, 9 mm 
of length (100 mm was also made), the drift thickness is 
12 mm; the sensitive volume is up to 90%. Insensitive 
parts of the detector are: a diffusion lithium layer 0.3mm 
thick situated on the crystal surface, and the central core. 
The lithium layer and the p-type core form n- and p+ of a 
diode, respectively. The main steps of the production 
process are: lapping, etching and washing of the crystal; 
applying the lithium on a side surface of the crystal and 
lithium diffusion; lithium drift in radial electric field at a 
temperature of 1400C for 250h for a thickness of 12 mm; 
clean etching and test measurements. 
       
Figure 2: ΔE,E Separation plot for different light isotopes. 
The totally depleted Si(Li) coaxial detectors are made of 
HR industrial Si and were studied under difference tem-
perature and voltage treatment conditions. Detection of 
monochromatic radioactive beams 6He and 7-9Li with en-
ergy from 150 till 300 MeV, carried out at the COMBAS 
separator [4] coupled to the U-400M cyclotron at JINR, 
Dubna show (Fig. 2.) that Si(Li) coaxial detectors reach 
an energy resolution in the range from 0.5% to 0.7%. 
The results of measurements also indicate that the resolu-
tion crucially depends on the energy losses in the entrance 
window of the detector system and should be kept below 
100 KeV. We have also prepared telescopes made of a ΔE 
coaxial detector (0.2 mm) and E coaxial detector (10 and 
100 mm, respectively) to extend the studies of detector 
performance (i.e. resolution, efficiency) and identification 
power to the measurement of more complex isotopic 
spectra. 
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HISPEC [1,2] deals with a versatile, high-resolution, 
high-efficiency spectroscopy set-up to address questions 
in nuclear structure, reactions and astrophysics using ra-
dioactive beams with energies of 3-150 MeV/u. The HIS-
PEC setup will be located at the low-energy branch of the 
SuperFRS, with the possibility to be mounted both before 
or behind the planned energy buncher. The experimental 
techniques to be used can be grouped together in relation 
to two different energy regimes (see Table 1). 
 
 Table 1: Experimental techniques for high-resolution 
spectroscopy at the low-energy branch. 
Beam-energy 
range 
Experimental method 
 E/A ~ 100 MeV  
 
 
E/A ~ 5 MeV; 
(Coulomb 
barrier) 
Coulomb excitation,  
Secondary fragmentation  
 
Coulomb excitation,  
direct and deep-inelastic,  
fusion evaporation reactions 
 
 
 
Fig.1 Schematic view of the HISPEC set-up. 
 
The HISPEC set-up (figure 1) will comprise beam track-
ing and identification detectors placed before and behind 
the secondary target, the AGATA Ge array, charged par-
ticle detectors [3], a plunger, a magnetic spectrometer and 
other ancillary detectors. It can be combined for recoil 
decay studies, with the decay detectors of the DESPEC 
[4] project. 
The HISPEC set-up has at its core AGATA [5], the next 
generation gamma-ray tracking array, with a resolving 
power hugely exceeding the presently available Ge-
arrays. AGATA (Advanced Gamma Tracking Array) is 
designed to be a 4π detector consisting of 180 germanium 
detectors. Each detector crystal will be segmented 36 
ways. Within each detector pulse shape analysis will be 
used to determine the interaction positions of the gamma 
rays to an accuracy of ~2 mm. Tracking algorithms will 
be used to reconstruct the paths of gamma rays passing 
through the detectors.  
The effect of ancillary detectors (charged particle arrays, 
plunger) to be used in conjunction with AGATA has been 
simulated. Special emphasis was given to the uncertain-
ties in energy, position and angle of the γ-ray emitting 
particles. The requirements with respect to the beam 
tracking detectors has been determined [6,1], and this 
performance can, in principle, be reached with existing 
technology.  
The AGATA demonstrator, consisting of five triple clus-
ter modules (15 Ge crystals) will start to operate in Leg-
naro in 2008. It is envisaged that AGATA will be moved 
to the SIS-FRS facility in around 2010 for an early im-
plementation physics programme within the HISPEC pro-
ject. The five units of the AGATA demonstrator will be 
placed at a distance of ca. 15 cm at forward angles.       
The detectors will form a ring subtending an angular 
range from about 8°to 44°. According to calculations the 
efficiency at Mγ = 3 (20) amounts to about 8.6% (6.1%) at 
100 A·MeV/u. The position resolution of the AGATA 
detectors ensures an energy resolution after Doppler cor-
rection of ≈0.5% (taking into account the remaining un-
certainty in the particle position and velocity).  
The AGATA sub-array will complemented by the 105 Ge 
detectors of RISING [7]. The efficiency as well the en-
ergy resolution of the AGATA part of the proposed layout 
is almost three times better then what is achieved with the 
current RISING set-up. Keeping in mind the low to mod-
erate multiplicities expected the gain in sensitivity and 
selectivity is substantial. Combining both systems enables 
e.g. for the first time highly selective γγ-coincidences to 
be measured in fragmentation reactions.  
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For the  HISPEC/DESPEC collaboration
This contribution describes DESPEC [1] (DEcay SPEC-
troscopy) which together with HISPEC [2] constitutes one 
of the proposed and accepted joint experiments of NuS-
TAR. Decay studies of implanted activities will be vital 
for our understanding of nuclear structure and astrophys-
ics far from stability where FAIR will produce the most 
exotic beams of nuclei with short half-lives. Decay stud-
ies of isomeric levels is also a central part of the experi-
mental plan. Another very interesting application of 
DESPEC is to work in combination with HISPEC for 
recoil tagging experiments. Last year we described the 
scientific motivation for DESPEC. In the present report 
we will rather focus on the “core” experimental set-up 
which is presented in Fig.1. Most of the experiments 
planned at DESPEC will involve radioactive beams from 
 
Figure 1: DESPEC “core” experimental set-up 
the Super –FRS Low Energy Branch decelerated to 50 to 
70 Mev/A, their deep implantation in an active stopper 
and the subsequent measurement of the emitted radiation, 
in general ß-particles, protons or neutrons and γ-rays. 
Extensive simulations of the beam optics and detector 
design were performed in 2006 which led to the following 
outcome given for three detector types.  
Implantation detector 
We envisage 8 detector units, 24cm x 8cm comprising 
three  1 mm thick DSSD 8cm x 8cm detectors within a 
common PCB support structure. In addition an upstream 
and a downstream single plastic detectors of 24cm x 8cm 
and 2mm thickness will provide the dE and the veto sig-
nals respectively. The segmentation required of the sili-
con strip detectors is determined by the implantation rate, 
the maximum half-lives of interest and the need to reduce 
the input loading (capacitance and leakage current) of the 
instrumentation to achieve good noise (low threshold) 
performance. In the process of optimizing the segmenta-
tion of the setup to be suitable for large variety of experi-
ments we decided that each DSSD will consists of 128 
p+n junction and 128 n+n Ohmic strips which means that 
each  24cm x 8cm detector comprises 3x128x128=49152 
quasi-pixels. 
High resolution γ-detection array 
We propose two alternative solutions for the gamma ar-
ray. a) An array consisting of 24 stacks of three planar 
double-sided Ge strip detectors. b) Six TIGRESS type 
CLOVER detectors [3]. The first solution will have 
higher granularity and better performance at low energy 
while the second will be clearly better for high energy γ-
rays often present in β-decays with high Q-values. A 
Montecarlo simulation of the efficiencies and the peak-to-
total ratios using Geant4 for the two proposed set-ups was 
presented last year [4]. Preliminary studies of tracking 
capabilities of the planar set up will be presented in a 
separate contribution to this report [5]. A prototype of a 
planar stack of two Ge planars is  being developed. 
  
Neutron detectors 
The goal of an ideal beta delayed neutron experiment is to 
measure individual neutrons with high efficiency, good 
energy resolution and in coincidence with the gamma rays 
measured with a high resolution gamma-ray set-up. At 
DESPEC we plan to have two complementary neutron 
set-ups. a) A moderator based 4Л detector with more than 
30% efficiency over a broad range of energies for neutron 
branching ratio measurements. Such detector has a mar-
ginal energy resolution and is unsuited for prompt coinci-
dence with the gammas due to the large moderation times 
of 10 to 100 ms after the neutron emission. b) A much 
faster set-up for measuring the neutron energies based on 
NE213/BC501 liquid scintillators arranged in the way 
shown in the figure. Using the detection of the beta parti-
cle as a trigger signal, the energy of the neutron is recon-
structed by means of time-of-flight (TOF). The non negli-
gible gamma ray sensitivity of the scintillators to the 
gamma-rays can be suppressed using discrimination tech-
niques based on the pulse shape analysis. 
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tracking array of DESPEC
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1GSI, Darmstadt, Germany
In the context of the DEcay SPECtroscopy project (DE-
SPEC) a high resolution gamma-ray tracking cluster based
on the Ge planar detector technology is being designed [1].
It should cover all types of decay experiments with im-
planted radioactive ions. In experiments where decay times
are longer than typically 100 μs, the standard ”implantation
particle - decay γ correlation” method of the background
suppression is not effective due to increased random coin-
cidences. As an alternative the imaging capability of the
planned detector array can be exploited to trace the origin
of the gamma rays back to the implantation target. The ap-
plied method is based on a kinematical relation of the scat-
tered photon energy h¯ω
′
(and therefore an energy of the
recoil electron ΔE = h¯ω − h¯ω′) to the scattering angle θ
h¯ω
′
=
h¯ω
1 + h¯ωmec2 (1− cos θ)
. (1)
When the origin of the photon is known, a redundant in-
formation about it’s first scattering angle θ in the detector
can be obtained. On one side it can be determined from
the positions of the interactions (θgeometrical), on the other
side from the initial and deposited energy of the photon us-
ing formula 1 (θkinematical). In figure 1 one sees the sim-
ulated angular difference Δθ = θgeom − θkin for the case
of a detector with an ideal energy and position resolution,
and for the real detector with 1 mm position resolution.
Figure 1: Distribution of the angular difference Δθ.
With a loss of statistics one may improve the angular res-
olution by considering only the scattering events where the
photon travels a significant distance after the scattering (a
long ”lever arm”). For the case of the scattering distance R
more than 15 mm an example distribution is shown. Note
that for background photons originating from random po-
sitions the angles θgeom and θkin will not match, and these
Figure 2: Compromise between the background suppres-
sion factor and the statistics. Open symbols: an addi-
tional condition was applied on the first scattering distance
R > 15 mm.
events will not contribute to the Δθ angle peak. There-
fore the selection of the true events can be accomplished
by setting up a window condition on this peak. The width
of this window determines the amount of the events kept in
the photopeak as well as the background suppression fac-
tor and therefore its a subject of an optimization. A depen-
dance of the background suppression factor on the statistics
is plotted in figure 2.
An additional possibility to further increase the peak-to-
background ratio in the spectrum without a concomitant
loss of the statistics is to exploit the fact that photons de-
posit their energy preferably close to the surface of the de-
tector. Based on this a weighting factor exp(−r/r0(E))
was applied for every point in the energy spectrum, where
r is the part of the the distance between the gamma source
and the first interaction in the detector, which photon passes
inside Ge, and r0(E) is an energy dependent Compton
mean free path of a photon in Ge. An improvement of the
Signal/Noise ratio due to this factor is ∼ 1.3 for 2 MeV
photons and ∼ 3.8 for 200 keV photons. This weighting
factor is already applied in figure 2.
Monte-Carlo simulations of the imaging capabilities of
the prototype detector unit for the DESPEC Ge array show
its high background suppression capabilities. The peak-to-
background ratio can be improved by a factor of 10 while
keeping 80 % of statistics. Compromising the kept statis-
tics this factor can rise up to 100 or more.
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The HYDE detector for the study of direct nuclear reactions at the Low Energy 
Branch of the new FAIR facility 
J.M. Andujar1, R. Berjillos1, J. Dueñas1, J.L. Flores1, I.Martel1, D. Rodríguez1, P. Salmerón1  
for the HYDE collaboration 
1University of Huelva, Spain 
 
The energy range provided at the Low-Energy Branch 
(LEB) allows to investigate the effect of Coulomb and 
nuclear fields at time scales which are most relevant for 
the structure of exotic nuclei. Here it is proposed to study 
direct nuclear reactions, elastic and inelastic scattering, 
break-up, and transfer reactions of exotic nuclei using an 
efficient charged particle detector, the HYbrid DEtector 
array (HYDE). Such studies will provide complementary 
information for B(Eλ) values, quadrupole deformations, 
spectroscopic values, collective phenomena and nucleon-
nucleon correlations for very exotic nuclei with half lives 
down to the microsecond. 
 
Figure 1: Simula-
tions of the per-
formance of a parti-
cle telescope (40 um 
DE and 2 mm E) in 
the scattering of a 
5MeV/u beam of 
light ions from a 
208Pb target. The 
upper and lower 
plots show the ef-
fect of an efficient 
tracking device. 
 
 
 
To achieve this goal the HYDE array should provide 
maximum solid angle with good angular, energy, charge 
and mass resolution for the reaction fragments. 
Preliminary simulations of detector performance using 
silicon detector telescopes have been carried out. The 
results indicate that it is possible to achieve an efficient 
mass and charge identification if a fast tracking system 
(<100 ps) is implemented (figure1). The mechanical 
design will be such that the array could be used in 
combination with other detectors, like the gamma detector 
array AGATA.  
Following a traditional (conceptual) design, the HYDE 
array would be build of several telescope detector units, 
each one composed of two layers of segmented silicon 
detectors, and one unit of CsI(Ta). Nevertheless 
additional detector materials and configurations should be 
investigated.  
A recent test of diamond detectors was performed last 
June 2006 at the C.N.A Tandem accelerator in Seville, 
Spain. In this experiment time and energy response of 
both poly and single crystal CVD diamond materials were 
investigated. Diamond detectors are also of interest for 
the construction of fast tracking devices.   
An important research effort is also dedicated to the 
development of efficient pulse shape analysis (PSA) 
techniques for particle identification with silicon 
detectors.   Activity already started by building a data 
base of pulse shapes. This task is complemented by an 
active working group developing tools for shape 
classification using neural networks (Figure 2). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Isobaric separation of Ar isotopes at 5 MeV/u using 
PSA with neural networks (data from FAZIA collaboration). 
 
Complementary to this activity is the development of 
specific ASIC for the front end electronics, fast digital 
signal processors for PSA in combination with an 
efficient data acquisition system.  Part of the R&D work 
is being carried out in collaboration with SPIRAL2 
working groups. HYDE is part of the HISPEC/DESPEC 
collaboration of the Low Energy Branch. 
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Study of the performance of tracking algorithms for the DESPEC planar setup
A. Algora ∗1, B. Rubio1, S. Tashenov2, J. Gerl2, B. Quintana3, M. Doncel3, F. Lorenzo3, and A.
Jungclaus4
1IFIC, CSIC-Univ. de Valencia, Valencia, Spain; 2GSI, Darmstadt, Germany; 3Univ. de Salamanca, Salamanca, Spain;
4Univ. Autonoma de Madrid, Madrid, Spain
DESPEC is one of the experiments of the low-energy
branch project of the future installations at FAIR (GSI).
The main goal of this experiment is to study the decay
properties of exotic nuclei. The basic instrumentation of
this setup includes a set of implantation detectors, a Ge ar-
ray and neutron detectors. Presently the collaboration is
considering two possible setups for the Ge array. One pos-
sibility is to use an array of stacks of planar Ge detectors
specifically designed for DESPEC. The other alternative is
to use standard segmented Ge detectors of EXOGAM [1]
or TIGRESS [2] type. The R&D phase requires the real-
ization of Monte Carlo (MC) simulations to determine the
optimal setup for the future facility.
In this annual report we present a preliminary study of
the application of tracking techniques to the results of the
simulations. The idea is to apply the recent developments
for the tracking array AGATA to exploit maximally the pos-
sibilities of the new array for DESPEC. To perform this
study a new MC code was developed which generates a
list-mode output that can be used in combination with the
tracking programs and algorithms developed for AGATA.
This output resembles the ones obtained in a real exper-
iment after using the pulse shape technique and contains
information on the position of the interactions and the de-
posited energy in the sensitive parts of the array after the
interaction with radiation.
The results obtained for the planar setup are presented
here. This setup consists on an array of 24 composite pla-
nar detectors. Each detector unit is formed by a stack of
three planar Ge detectors with dimensions 72 × 72× 22
mm3 with an active Ge volume of 68 × 68 × 22 mm3.
The distance between the planars is 3 mm and the stack is
encapsulated in an Al capsule of 1.5 mm thickness. The
composite detectors are positioned around a focal plane of
240 × 80 mm2. The described geometry has been imple-
mented using the MC code GEANT4 [3].
In this work the tracking code MGT developed by D.
Bazzacco was used [4]. The MGT code has several ingre-
dients: first a preprocessing of the interaction points is done
in order to take into account the effects of a non-ideal pulse
shape analysis, next the interaction points are clustered and
a reconstruction process is applied (forward tracking) and
finally the results of the reconstruction process are accepted
or rejected according to a validation criteria.
The results, presented in Table 1, correspond to the ap-
plication of the MGT code to simulation data of centered,
point-like monoenergetic gamma sources. The first column
∗ on leave from MTA ATOMKI, Debrecen, Hungary
shows the energy of the emitted gamma rays. The second
presents the maximum peak efficiency that can be obtained
with the setup (acting as a total absorption spectrometer).
The third and fourth columns show the peak to total ra-
tio obtained in case the planar and the stack detectors are
considered individually. The fifth column shows the peak
to total ratio obtained after the application of the tracking
code. Finally the last column presents the efficiency of the
tracking code.
Table 1: Results of the simulations for monoenergetic
gamma rays (see text for details).
E Eff. P/T P/T P/T Track.
(MeV) Peak planar stack Track Eff.
0.10 47.1 85 89 89 99
0.25 38.2 44 55 69 96
0.50 26.7 19 32 48 96
1.00 18.4 11 21 36 94
2.00 13.2 7 16 28 92
5.00 6.8 3 7 13 81
As part of our work (not presented here) the effect of the
emission of gamma cascades on the tracking efficiency has
also been considered. The next step of our work will be
the study of the performance of tracking algorithms for the
segmented CLOVER setup.
Acknowledgments: A. A acknowledges the collaboration of
Prof. D. Bazzacco and Dr. E. Farnea in the realization of
this work.
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Simulation of EXL Silicon Particle Array Response∗
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The silicon target-recoil detector - EXL Silicon Particle
Array (ESPA) - is designed to detect light recoil particles
in experiments measuring elastic and inelastic scattering,
charge-exchange, transfer reactions and quasi-free scatter-
ing. The EXL project objective is to study the structure of
exotic nuclei in light-ion scattering experiments in inverse
kinematics at the NESR storage ring. The ESPA will be a
part of the setup which also includes gamma-ray and slow-
neutron detectors, forward detectors for fast ejectiles and
an in-ring heavy-ion spectrometer.
The ESPA surrounds the internal gas-jet target and is di-
vided into 6 regions: D, C, B, A, E’, E [1]. It consists of
arrays of thin double-sided silicon strip detectors (DSSD)
and thick lithium drifted silicon detectors (Si(Li)). Regions
D and C (tracking section, 10◦ < θ < 75◦) include two lay-
ers of thin DSSDs, regions B and A (non-tracking section,
75◦ < θ < 89◦) - only one layer.
A simulation program was developed for modelling the
ESPA response to the tracks of particles in the regions D, C,
B, A using the Geant4 framework (Figure 1). The structure
of the program makes it possible to add silicon detectors
from other regions (E’, E) in the same way and to include
an interface to external event generators.
Figure 1: Part of ESPA geometry (regions A, B, C and D)
in Geant4.
Geometry parameters are not ”hard-coded” inside the
program code. The set of basic geometry parameters, ma-
terial properties and parameters that control the initializa-
tion stage, geometry building and the run of the program
are read in from ASCII files and stored in a multimap con-
tainer. All necessary internal geometry parameters are de-
rived from the basic set. This structure permits to change
input to any database.
The program permits to make different changes in ge-
ometry building and run conditions without recompilation.
∗Work supported by EU, EURONS contract No. 506065.
† http://ns.ph.liv.ac.uk/∼mc/EXL/ns-instrum-exl.html
Setup geometry may be built without thick silicon detec-
tors and without some regions. There is also possibility to
build geometry without the first layers of thin DSSDs in the
regions D and C. There are options for primary vertex dis-
placement and smearing using the Gaussian distributions.
The simulation program writes event headers and hits to
the binary file. There is possibility to write output to the
ROOT file.
The simulation output file is read in by the digitization
program. All hits which belong to the same silicon detec-
tor are grouped and energy deposits are summed. For thin
DSSDs local coordinates of the primary particle entry point
are corrected taking into account the strip pitch. Obtained
values of energy losses and time-of-flight are folded with
resolutions taken from the known test results.
The simulation and digitization programs are designed
to simulate events for investigation of angular and energy
resolution and particle identification. The aim is to opti-
mize the detector geometry. In particular, it was shown
that for expected value of vertex spread for gas-jet target
(σ = 0.5 mm) the increase of strip pitch to 0.5 mm does not
worsen considerably the angular resolution (about 0.06◦) in
the non-tracking section - the target size defines the resolu-
tion (Figure 2). In case of droplet target with vertex spread
σ = 0.05 mm the achievable resolution is much better (up to
0.015◦) and there is a dependence from strip pitch. For the
tracking section the angular resolution depends very cru-
cially on the thickness of the first DSSD layers and particle
energy because of the multiple Coulomb scattering. De-
tailed investigation demands use of external event genera-
tors for the reactions of interest.
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Figure 2: Angular resolution in regions A and B as function
of silicon strip width for expected vertex spread.
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Position-Sensitive Si(Li) Transmission Detectors 
for the EXL-Experiments at GSI-Darmstadt 
D. Protiü, T. Krings, S. Niessen, FZ Jülich, Germany 
P. Egelhof, GSI, Darmstadt, Germany 
E. C. Pollacco, CEA Saclay, France 
M. Müller-Veggian, FH Aachen, Abteilung Jülich 
A large target-recoil detector will be constructed for the 
future EXL-experiments (EXotic nuclei studied in Light-
ion induced reactions) at the NESR storage ring of the 
future FAIR project at GSI-Darmstadt [1]. As a part of the 
recoil detector, position-sensitive Si(Li) transmission 
detectors (5 to 9 mm thick) are intended for construction 
of 'E-E charged-particle telescopes. Si(Li) detectors of 
transmission type has been an important aspect concerning 
the total-energy measurement for target recoils 
transversing the silicon 'E-E telescopes and stopped in 
inorganic scintillators placed behind the telescopes. 
Two ~6.5 mm thick Si(Li) transmission detectors equipped 
with 8 pads on the implanted p+-contact have been 
prepared for the test measurements at ESR (GSI-
Darmstadt). To relieve the efforts for the first experiments 
a telescope configuration and position-sensitive structure 
very similar to that of the MUST2 experiment (SACLAY, 
ORSAY and GANIL) have been applied [2], but with 
UHV-capable components. 
The schematic view of the Si(Li) transmission detector is 
presented in Fig. 1. The Si(Li) detector in the UHV-
compatible housing is shown in Fig. 2. 
Figure 1: Schematic view of the Si(Li) transmission 
detector.
The results of the test measurements in the laboratory 
confirm that the predetermined specifications, listed in 
Table 1, have been fulfilled.  
Some of these results were presented at IEEE Nucl. Sci. 
Symp., San Diego, Nov. 2006. Test measurements in UHV 
environment will be performed inside the ESR-ring at 
GSI-Darmstadt. 
Figure 2: The Si(Li) detector in the UHV-compatible 
housing. 
Table 1: Predetermined specifications of the Si(Li) 
detectors. 
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The low-energy physics program with antiprotons and 
highly charged ions proposed to be carried out at the 
FLAIR facility requests new developments for both the 
beam deceleration and cooling and new, complex experi-
mental setups. The deceleration concept, as presented in 
the Baseline Technical Report [1] foresees a three-step 
beam manipulation: the first deceleration in the NESR, 
one intermediate deceleration step from the lower NESR 
energy of  30 MeV to 300 keV and the final deceleration 
which will provide beams of antiprotons with energies of 
20 keV and below. The last two steps will be performed 
by the Low-energy Storage Ring (LSR) and two addi-
tional installations, the Ultra-low Energy Storage Ring 
(USR) [2] and/or HITRAP [3].  
The recent activities within the FLAIR collaboration 
mainly focussed on preliminary experimental and theo-
retical investigations of the feasibility of the deceleration 
concept. 
The Low-energy Storage Ring 
Tests with deceleration of protons have been performed 
at CRYRING in order to verify that the present machine 
configuration is adequate for antiproton deceleration at 
FLAIR [4]. More specifically, the aim of the tests was to 
show that CRYRING can decelerate a sufficiently large 
number of particles, through the full energy range from 
30 MeV to 300 keV, with acceptable particle losses.  
CRYRING has already been used for deceleration in a 
few cases where users have requested light ions at ener-
gies lower than the injection energy of 300 keV per nu-
cleon, as given by the RFQ. Since this injection energy is 
fixed, tests of deceleration of protons from 30 MeV must 
be made by first accelerating the particles from 300 keV 
to 30 MeV. This does not imply, however, that decelera-
tion can be performed just by reversing the magnet and rf 
ramps used for acceleration. Remanence and hysteresis 
effects in the magnets make the deceleration process de-
pendent on the acceleration. 
Fig. 1 shows an example of beam current and corre-
sponding particle number during an acceleration–
deceleration cycle. The beam current was measured using 
a DC current transformer. To get a sufficiently good read-
ing of the current, many injection pulses were accumu-
lated at 300 keV. Protons were injected in batches every 
0.5 s while the electron cooling was on, moving the parti-
cles away from the injection orbit and continuously in-
creasing the beam current and the phase-space density of 
the beam. The resulting stepwise increase of the particle 
number can be hinted in the figure. Acceleration starts at 
time zero when the current has reached 4.9 μA, corre-
sponding to 2.1×108 stored particles. 
 
Figure 1: Particle number (upper curve) and proton beam 
current (lower curve) as function of time during accelera-
tion and deceleration. The curves are averages from many 
machine cycles. 
 
The beam was accelerated first from 300 keV to 3 
MeV, and at that energy it was cooled again during 1.5 s 
while staying bunched before it was accelerated up to 30 
MeV. The intermediate cooling was necessary in order to 
minimize the losses during the deceleration. During ac-
celeration, the current increases with the beam velocity, 
whereas the particle number should stay constant if there 
are no losses. It is seen from the figure that there was a 
small loss of particles at the start of the acceleration, but 
that the rest of the acceleration and the cooling were made 
without losses. 
The beam was stored for 0.5 s at 30 MeV, still bunched, 
and then decelerated back to 300 keV in 1.8 s without 
further cooling. At 6.1 s, the beam was dumped, and a 
new cycle started. A very small loss occurred at the start 
of the deceleration, and somewhat more particles were 
lost when the deceleration ramp met the flat bottom level. 
The result was that 1.8×108 protons remained when the 
beam was back at 300 keV. For FLAIR it is the efficiency 
in deceleration from 30 MeV to 300 keV that is important, 
and it is thus shown that this deceleration can be made 
with at least 90% efficiency given the beam properties at 
30 MeV of this experiment. 
With a higher injected current, the number of deceler-
ated particles increased, although the losses also became 
larger. During the short time available for optimization of 
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the deceleration ramps, about one day, it was possible to 
reach up to 2.8×108 protons decelerated to 300 keV. 
According to the present planning for FAIR, the end of 
the commissioning period and the start of operations at 
FLAIR is defined to occur when 1×108 antiprotons have 
been decelerated to 300 keV. This limit was exceeded by 
almost a factor three in these tests. 
The Ultra-low energy Storage Ring 
The USR is a new development and will be the first en-
ergy-variable electrostatic cooler synchrotron installed 
within a large accelerator facility. It will decelerate the 
antiprotons and exotic ions to lowest energies of 20 
keV/q, which will allow e.g. for direct injection into traps. 
It is also intended to enable in-ring experiments with 
event rates of at least six orders of magnitude higher than 
in single pass setups and should, last but not least, open 
the way for nuclear physics studies with slow extracted, 
quasi-DC antiproton beams. 
Ring Layout 
The symmetric, four-sided machine consists of three 
cylinder deflectors (two times 10° and one 70° deflector) 
in the corner sections and quadrupole doublets that are 
used for transverse modulation of the beam. As can be 
seen in Fig. 2, the experimental sections and the inte-
grated electron cooler mainly determine the overall size 
of roughly 8m x 8m of the storage ring. Single-turn injec-
tion of the beam will be realized by a pulsed deflector. 
Both slow and fast extraction will be available over the 
complete energy range. An rf operated drift tube with 
voltages  below 100 V is used in combination with an 
electron cooler to shape short  bunches along the longitu-
dinal direction for in-ring experiments. Details about the 
USR lattice, its optical elements and the envisaged ex-
periments are given in [4]. The main parameters of the 
storage ring are listed in Table 1. 
 
 
Figure 2: Preliminary layout of the ultra-low energy stor-
age ring. The positron ring is a possible future extension 
that would allow for in-flight antihydrogen creation. 
 
Table 1: Main parameters of the USR. 
General Parameters  
Energy range 20 keV – 300 keV 
Circumference 34.7 m 
Base pressure < 5.10-13 mbar 
Operating Temperature 4 K 
Machine Parameters  
space charge limit (20 
keV) 
2.107 
Qx 2.38 
Qy 1.14 
10° deflectors  
Height 240 mm 
Radii 1940 mm and 2060 mm 
Voltage |U| < 20 kV 
70° deflectors  
Height 160 mm 
Radii 970 mm and 1030 mm 
Voltage |U| < 20 kV 
Quadrupoles  
Length 200 mm 
Distance between lenses 150 mm 
Aperture Radius  50 mm 
Voltage +/- 6 kV 
Steerer Length 100 mm 
Steerer Plate Distance 120 mm 
Electron Cooling at 20 keV 
In the limit of such small beam energies, the realization 
of efficient electron cooling, employing electron energies 
of only few eVs (or maybe even fractions of an eV) is a 
new challenge. It is currently taken up in the Cryogenic 
Storage Ring (CSR) project at the MPI-K [5] and the ex-
perience gained there will be available to the USR. In 
particular, cryogenic GaAs photocathodes have already 
been shown to provide initial electron temperature of ~10 
meV at the electron source, much lower than the 100 meV 
for thermoemission cathodes. This was demonstrated by 
the operation of a cold electron beam target from GaAs 
photocathodes at the TSR (MPI-K) [6, 7]. 
Cooling times in the USR were estimated using the 
BETACOOL code [8,9]. The resulting equilibrium mo-
mentum distribution and transverse emittances as a func-
tion of cooling time are shown in Fig. 3 
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Figure 3: Evolution of the momentum spread (upper 
curve) and.of the horizontal (continuous line) and vertical 
(dashed line) emittance during the cooling process [9]. 
Other activities 
Conceived as a multi-user facility, FLAIR will be a 
combination between the decelerators and a large number 
of different small experiments using ion and antiproton 
beams. Therefore, an important issue of the facility is the 
integration in the FAIR frame of the different FLAIR in-
stallations, part of which exist already today (at CERN, 
Stockholm, and GSI) and the ones which will be devel-
oped in the next future. A workshop dedicated to LSR was 
organized in March 2006 at GSI where aspects related to 
the adaptation of the CRYRING to the new task for 
FLAIR have been discussed by the expert groups from 
MSL Stockholm and GSI.  
The progress of the HITRAP construction [3] prompted 
the discussion about the status of the new experimental 
setups which are planned to be used for the upcoming 
studies with highly charged ions and, later, also with anti-
protons at FLAIR. Detailed planning of the new experi-
ments were discussed and presented by the working 
groups at the HICAPE1 Workshop organized in Novem-
ber at GSI [9]. Starting with 2008,the present GSI facility 
offers the opportunity for tests, commissioning and pro-
duction runs for a part of the experiments which will be 
installed at FLAIR. 
These experiments require cw and pulsed beams, in a 
broad range of energies and intensities. A parallel opera-
tion of the experiments, which will assure a high duty 
cycle of the installation, implies a high degree of com-
plexity of the beam sharing. This should be reflected also 
in the design of the facility building. The layout presented 
in Fig. 3 is the result of a careful planning under the as-
pects of functionality, safety and cost optimisation. The 
building includes the experimental caves, the laboratories, 
the electronics and control rooms spread over two levels. 
Two collaboration meetings, held in Mai and December 
2006, were devoted mainly to administrative and 
.financial issues of the collaboration. 
 
 
 
Figure 4: 3D-view of the FLAIR building: the ground 
level (top) and the upper level (bottom). 
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Spherical compression with low-Z shells as a target concept for the
WDM-collaboration
An. Tauschwitz1, J.A. Maruhn1, F. Rosmej2, D. Riley3, A. Tauschwitz4, and J. Jacoby1
1University of Frankfurt; 2Universite´ de Provence, France; 3Queens University of Belfast, UK; 4GSI, Darmstadt
The combination of intense energetic ion beams and
a high-energy high-power laser at GSI and FAIR offers
unique possibilities to investigate material at high energy
densities. The ”WDM” (Warm Dense Matter) collabora-
tion proposes to study radiation properties of ion beam
heated matter by means of the Thomson scattering [1]. The
PHELIX laser will be used to produce X-rays of several
keV energies. The choice of the materials for ion beam tar-
gets is therefore restricted to low-Z materials by the envis-
aged scattering diagnostics. A special target configuration,
the dynamic confinement scheme, was proposed by the au-
thors to produced homogeneous samples of WDM heated
isochorically with the SIS-18 ion beam. In dynamically
confined targets the conditions of the isochoric heating are
provided by employing a thin low-Z tamper heated with the
wings of the ion beam. The use of a low-Z tamper make the
suggested targets accessible for the diagnostic X-rays. An
extension of this work to spherical geometry beneficial for
the scattering diagnostics is reported in [2]. Using energetic
ion beams one can prepare not only isocorically heated
samples of WDM, but also compress extended volumes of
heated matter. The spherical target geometry can be opti-
mized to achieve compression of the core target material.
To show the capabilities of SIS-18 to compress matter in a
way suitable for the X-ray scattering, we considered a solid
hydrogen core surrounded by a carbon shell with a density
of 2.25 g/cm3. The ion beam consists of 1011 ions of U28+
with 200 MeV/u focused down to 1 mm spot (FWHM ).
A parabolic temporal profile of 100 ns length is assumed.
The initial radius of hydrogen is r0 = 350μm, the tamper
has a thickness of 150μm. Figure 1 shows the distributions
of the normalized density of the core ρ/ρ0 in length-radius
plane for t = 50, 80 and 100 ns; ρ0 is the initial density
of hydrogen. During the heating time the pressure in the
carbon shell exceeds the pressure in the hydrogen core and
the H/C interface moves inwards. This pressure gradient
launches a weak shock propagating towards the center of
the core (t = 50 ns). Later, at t = 80 ns the reflected shock
moves back. It arrives at the H/C interface before the end
of the ion beam pulse, so that at t = 100 ns the compressed
core is very homogeneous as it can be seen at Fig. 2. The
hydrogen is compressed by about a factor of 2 and has ac-
cording to the calculations an almost uniform temperature
of 0.6 eV. The expanded low-Z tamper allows X-ray scatter-
ing diagnostics. The proposed compression scheme utilizes
a Gaussian ion beam profile without special beam shaping.
In comparison to cylindrical targets, spherical targets can
be used at lower ion energies.
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Figure 1: Distribution of the normalized density in length-
radius plane for t = 50, 80, and 100 ns. Direction of the
ion beam is the z-axis.
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Ground Based Investigations of Biological effects of Space Radiation using the 
BIOMAT facility at FAIR 
M. Durante1 
for the BIOMAT collaboration  
1University Federico II, Naples, Italy 
 
Biological experiments at the BIOMAT cave will 
have important applications in space radiation protection. 
In fact, it has been long acknowledged that more biologi-
cal experiments using high-energy heavy ions are neces-
sary to predict radiation risk in space and to develop ef-
fective countermeasure to allow safe colonization of the 
Solar System. In USA, NASA funded and built the NASA 
Space Radiation Laboratory (NSRL), which is currently 
supporting biological experiments performed at the 
Brookhaven National Laboratory (Long Island, NY). The 
European Space Agency (ESA) has recently established 
an ambitious exploration program (AURORA), and 
within this program (Figure 1) it has been decided to in-
clude a space radiation research program. Europe has a 
long tradition in radiobiology research at accelerators, 
generally focussing on charged-particle cancer therapy. 
This expertise can be adapted to address the issue of 
space radiation risk. To support research in this field in 
Europe, ESA issued a call for tender in 2005 for a pre-
liminary study of Investigations into Biological Effects of 
space Radiation (IBER). The study has been completed in 
December 2006 with recommendations for facilities to be 
targeted for cooperation by ESA, and a detailed experi-
mental campaign. The IBER team has strongly recom-
mended GSI as the main facility to develop a European 
space radiation health research project. In fact, GSI has 
been for years the leading European facility for studying 
biological effects of heavy ions and for testing of space 
instruments. For example, for the ALTEA project (Figure 
2) detectors have been calibrated on ground at the GSI 
facilities [1], and additional information on ion-induced 
light flashes has been obtained from animal studies with 
mice [2].    
Since the ESA research program is expected to start 
in 2008, SIS-18 will be the main facility in the 1st phase. 
FAIR is expected to become the main ESA program facil-
ity in the 2nd phase (starting 2012), and will be in princi-
ple superior to any other ground-based space radiation 
simulator, including NSRL. Considering the importance 
of this facility for future manned space programs, IBER 
has recommended ESA to become an observer of FAIR. 
(The IBER webpage is: http://iber.na.infn.it) 
 
 
 
 
Figure 1: The ESA exploration program AURORA in 
an artist’s view. AURORA fosters European participation 
in the exploration and colonization of the moon and Mars 
 
 
 
Figure 2: An astronaut installing the ALTEA facility 
on the International Space Station ISS in July 2006. AL-
TEA is a sophisticated detector used to investigate light 
flashes in astronauts produced by charged-particle tra-
versals of the retina or brain. The detector has been cali-
brated on ground at GSI accelerators.  
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Novel Concept for a Beam Preparation and Manipulation System 
for High Precision Experiments at the LEB of the Super-FRS* 
W.R. Plaß1, M. Petrick1, T. Dickel1, T. Fleckenstein1, H. Geissel1,2, C. Jesch1,2, C. Scheidenberger1,2 
1Justus-Liebig-Universität Giessen, Germany; 2 GSI, Darmstadt, Germany
A novel system consisting of RF quadrupole and time-
of-flight sections is proposed, in which ions can be 
cooled, bunched, mass separated with a resolution 
sufficient to select single isobars, and guided to different 
experimental setups. It also enables multiplexed operation 
of several connected experiments. Such a system could be 
employed advantageously at the LEB of the Super-FRS at 
FAIR. The schematic figure of the proposed system is 
shown in Fig. 1. Novel elements are described below. 
RFQ Ion Beam Distribution System 
RF quadrupoles (RFQs) allow for an efficient ion 
transport at significant residual gas pressure (< 0.1 mbar) 
and at low kinetic energy (~ 1 eV) and are thus ideally 
suited for applications in the vicinity of gas-filled 
stopping cells. Ion injection (e.g. for introduction of 
calibrants for mass spectrometry) and ion distribution to 
different directions (e.g. to different experiments or for 
diagnostics) can be realized [1]. As a proof of principle, 
an RFQ system consisting of straight and curved RFQs, 
which guide ions to three different directions, has been 
built and characterized. A transfer efficiency of 80% to 
95% independent of the beam direction has been 
measured (Fig. 2). 
Multiplexer RFQ System 
For multiplexed operation of several experiments, 
mass-selective transfer from an RF trap can be used. 
While all incoming ions are accumulated and stored in the 
trap, ions with a selected mass number can be transmitted 
to an experiment, retaining all other ions in the RF trap. 
During successive cycles, different nuclides can be 
transferred, enabling multiplexed (different ion species 
measured at different experiments) or interleaved 
(different ion species measured alternatingly at one 
experiment) operation of the facility. Thus the efficiency 
can be increased by making use of several nuclides rather 
than just of one. 
Isobar Separator 
Isobar separation is performed in two stages, which 
consist of a low resolution RFQ mass filter and a high-
resolution multiple-reflection time-of-flight mass 
spectrometer (MR-TOF-MS) with a cycle time on the 
order of 1 ms. A test version of such a MR-TOF-MS has 
been developed for this purpose [2]. 
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Figure 2: Transmission efficiency of the RFQ ion beam 
distribution system as a function of the pressure. The 
current measured on a Faraday cup behind the exit 
diaphragm and the current measured on the exit 
diaphragm is given relative to the current going into the 
system. The sum of both values is also shown.  
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Figure 1: Schematic figure of the proposed system. Ions, which have been slowed-down and thermalized in a gas-filled
stopping cell, are extracted and guided to different directions (e.g. for diagnosis or to different experiments), and
reference ions are introduced by curved RFQs (A). Ion cooling and mass number selection occurs in a cooler RFQ and
an RFQ mass filter. In an RFQ multiplexer system, different ion species are provided at selected times (B). A time-of-
flight mass spectrometer serves for isobar separation and for direct mass measurements of very short-lived nuclei (C). In
an accumulation trap, the ions are bunched, and after reacceleration made available to experiments further downstream.
___________________________________________  
* Work supported by GSI and the Helmholtz Association (contract number VH-NG-033), by the BMBF (contract number 06GI185I) and by the 
European Community (FP6 design study DIRACsecondary-Beams - contract number 515873). 
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Results from the FRS Ion Catcher experiment 
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The FRS Ion Catcher [1] was tested successfully in an 
online experiment. Its primary goal was to test the 
efficiently stopping process of exotic nuclei in a helium-
filled gas cell and to provide different experimental setups 
with this cooled low-energy beam.  
 
Figure 1: Schematic view of the experimental setup. 
Figure 1 shows the final setup used in the beamtime. 
Exotic nuclei were produced by projectile fragmentation 
of 58Ni primary beam in an Al target. Fragments with 
N=Z were separated with the FRS and energy-focused [2] 
with the wedge-shaped degrader at its exit. The various 
N=Z-fragments have different ranges. Due to the energy 
focusing, the range differences exceed the range 
straggling. This imposes an additional separation and 
thus, varying the degrader thickness allows to stop 
isotopically pure beam in the gas cell. This gas cell, 
developed at ANL [3], is the key component of the 
experimental setup. Equipped with different DC –and RF 
fields and a pressure of 100mbar helium gas inside, it 
guides and extracts the stopped ions to the distribution 
system [4]. This system allows to distribute the ion beam 
most efficiently to different detectors. While the 
experiment a silicon detector and a time of flight detector 
were used to diagnose the exotic ion beam.  
As described, the experimental run was successful. For 
instance the half –life of the of the ground state 54Co was 
measured with 198±4ms and shows the potency of this 
system. 
To investigate the time-scale of the extracted ions, the 
SIS was run in a fast extraction mode. This allows to get 
information about the time that the ions need to be 
extracted after being stopped in the gas cell. Triggered 
with the extracting-puls from the SIS, mass-spectras were 
taken behind the stopping device with the Orthogonal-
time-of-flight mass-spectrometer (Ortho TOF-MS) [5]. 
An analyse of this data represents the complete mass over 
averaged time scale, as shown in figure 2. Two different 
extracting DC-field strengh were applied to the helium-
filled gas cell. As a result of the time scale measurement, 
the extraction time for atomic ions can be given with 
approximately 50ms. 
 
Figure 2: Extracting time of the Ion-Catcher device for 
two different extracting DC-field strengh supplied to the 
helium-filled gas cell. 
References 
[1] M. Maier et al., GSI Report 2005-1, 331 (2005) 
[2] C. Scheidenberger et all., Nucl. Instr. Meth. B204, 
119 (2003) 
[3]  G. Savard et al., Nucl. Instr. Meth. B204, 582 (2003) 
[4]  M. Petrick et al., GSI Report 2005-1, 330 (2005) 
[5] S. Eliseev, PhD Thesis, Univ. Giessen (2004)
 
FAIR-EXPERIMENTS-36
40
Beam Profile Detectors for the Super-FRS* 
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Abstract: Gas beam profile detectors for slow and 
fast-extracted ion beams have been developed for the 
Super-FRS, and tested at the FRS with heavy ion 
beams at relativistic energies and intensities ranging 
from a few kHz up to a few MHz.  
Introduction 
Within the task NUSTAR 3 of the FP6 EU Design 
Study, beam profile detectors (BPD) for fast-extracted ion 
beams have been proposed and designed by the Bratislava 
group for future experiments at the Super-FRS [1]. 
For beams with a spill length as short as 50 ns a single 
ion tracking is not achievable anymore but only meas-
urements of the bunch profile can be performed. This 
problem arises from the large amount of charge (up to 
several nC) which is deposited in the detector. The use of 
a gas detector leads to a long integration time which is 
needed for charge collection (≈μs). This causes a spread-
ing of the charge and thus strongly affects the measure-
ment of the beam profile. For this reason the use of fast 
electronics and lower gas pressure (around 1 mbar) has 
been proposed. 
 
 
 
 
 
 
 
 
 
 
Figure 1:  The BPD protoype mounted at the FRS (S2). 
Another challenging feature of the BPD is related to the 
dynamic range of the ions to be detected which requires 
the use of a dedicated electronics. 
Prototype design 
The BPD prototype (see Fig. 1) is conceptually devel-
oped as a gas proportional wire chamber. The detector 
volume is filled with a gas of Ar+10%CO2. The active 
area is 100 x 100 mm2 and contains 3 x 50 wires. The 
detector is equipped with 2 integrated delay lines directly 
connected to the cathode wires for x and y position meas-
urements simultaneously. Variable gas pressure conditions 
are obtained by using a gas pressure control system [2]. 
Adjustable preamplifiers have been constructed with a 
gain factor of 2V/pC. This allows to use the BPD as in-
beam detectors for experiments using slow-extraction 
beams, similar to the time projection chamber (TPC) de-
tectors [3]. In this case the detector is working as posi-
tion-sensitive detector recording single ions.  
Prototype test 
A first beam test of the BPD prototype has been per-
formed in November 2006. The detector has been tested 
at the second focus station of the FRS (S2) with a slow-
extracted 136Xe beam at 470 MeV/u. The detector re-
sponse has been investigated at a gas pressure of 500–900 
mbar increasing the beam intensity gradually up to 3 
MHz. New electronics with fast shaping signals (adjust-
able preamplifiers, zero crossers, etc.) have been tested. 
For the digitalization a standard electronics, based on 
VME TDC and ADC, was used. For fast-extracted beams, 
the use of faster digitalization was foreseen, by setting a 
FADC SIS3301. The trigger was given by the time signal 
provided by a plastic scintillator behind the BPD. 
Detector calibrations were performed with the use of 
scintillating fibers (red by PMT) forming a grid by 3x3 (6 
mm apart) in front of the detector window. One of the 
results of calibration in y direction is shown in Fig. 2a.   
In Fig. 2b the beam profile of 136Xe ions in y direction 
at 1 MHz intensity is shown.  
  
 
 
 
 
 
 
 
Figure 2:  a) Calibration and b) beam profile in y direc-
tion.  
Outlook 
In view of the larger intensity beam foreseen for the 
FAIR facility further tests at higher intensity of slow and 
fast extracted beams in larger chambers with faster elec-
tronics will be prepared.  
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The FAIR Accelerator Complex* 
D. Krämer for the FAIR Technical Divsion 
GSI, Darmstadt, Germany
Project Status 
 
One major milestone for the FAIR Project was 
achieved in finalising the Baseline Technical Report 
(FBTR) in spring 2006. This document [1] was handed 
over to the International Steering Committee (ISC) and 
defines the basic layout as well as the fundamental system 
parameters of the FAIR accelerators and experiments. 
Approving this document, the international partners 
agreed on "the project" within the financial ceiling scruti-
nized by the cost review groups which gave their final 
reports in the period under report.  
However, strong focus of the ongoing work is laid on 
further detailing of the technical work packages. Those 
specifications will serve as basis for the negotiations with 
the international partners of FAIR to take on specific 
work packages. To assist and counsel in this process the 
In-Kind Advisory Board (IKAB) was initiated in 2006. 
To attract industrial partners the preparation of an Interna-
tional FAIR Industry Forum started in 2006.   
Topology Refinements 
 
Topology revisions and adjustments were mainly driven 
by the finalisation of the lattice design of both the syn-
chrotrons and the storage rings, modifications of the Su-
per-FRS, and the demand to shift the HESR southwards. 
This movement by 30 m allows for a later upgrade of the 
HESR to accommodate experiments with polarised anti-
protons. Compared to the situation presented in the FBTR 
in early 2006 the topology remains primarily the same as 
shown in Figure 1.  
This layout together with a first iteration of the load list 
for media demands within the different buildings provides 
a stable basis for further detailing of the civil construction 
planning.  
Distinguished Technical Developments 
Within this annual report all major developments pres-
ently under way of FAIR accelerators are covered. This 
report will flashlight on the main technological advance-
ments. 
SIS100 and SIS300  Dipole Magnets  
The outcome of the R&D work for the straight SIS100 
dipole magnets showed that the required parameters can-
not be reached safely. Thus a reduction of the aperture 
and the maximum field strength was decided. The new 
bent magnet design was specified within 2006. One proto-
type magnet each - bend and straight design - was ordered 
at Babcock Noell Nuclear GmbH and the BINP.  
 
Figure 1: Topology of the FAIR facility as of Dec. 2006 
compared to the one presented it the FBTR. 
At the same time the R&D for the SIS300 dipole magnets 
focuses on bent magnets with the reduced maximum flux 
density of 4.5 T instead of 6 T. The development is borne 
by INFN. The investment cost are shared by INFN and 
GSI (3.7 M€ and 1 M€), whereas the workload of approx. 
40 person years are covered by INFN.  
Frequency Chance for the Proton Linac 
It was further decided to adjust the rf-frequency of the p-
linac from 352 MHz to 325 MHz. The call for tender for 
the klystron was issued at the end of 2006. Various argu-
ments led to the change resulting in considerable cost 
cuttings not only for the proton linacs rf-system but also 
for the civil construction costs due to reduced space re-
quirements. As a consequence the proton RFQ and the 
DTL section had to be re-designed.  
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SIS100/300 Design Status Report  
P. Spiller, K. Blasche, U. Blell, O. Boine-Frankenheim,  H. Eickhoff, P. Forck, G.. Franchetti, H. 
Klingbeil, A. Krämer, G. Moritz, C. Omet, N. Pyka, H. Ramakers, H. Reich, H. Ramakers, A. Re-
delbach, J. Stadlmann, H. Welker, GSI, Darmstadt, Germany, A.D. Kovalenko, JINR, Dubna, Russia 
 
SIS100  
Lattice Structure and Main Magnets 
The SIS100 lattice structure is described in the FBTR. 
However, basic properties of the main dipole- and quad-
rupole magnets have been optimized. Due to the large 
apertures required in both types of magnets, the AC 
losses, which were substantially reduced by the magnet 
R&D program, exceeded significantly the original goal 
values. In addition, the quench protection system became 
more and more demanding due to the higher stored en-
ergy. In both magnets, field strength requirements were 
finally at the tolerable limits, with undesirable conse-
quences for the field quality. Therefore it was decided to 
reduce the apertures and the maximum field strength. The 
development of the main dipole magnet, which was origi-
nally assumed to be straight, is focussed on a bent magnet 
allowing a reduction of aperture and field strength. Due to 
the bending, the length of the dipole can be increased 
without affecting the beam acceptance. The length of the 
quadruple was also increased and consequently the 
maximum gradient reduced.  
Finally, beside the activities in the frame of the EU FP6 
design studies, two full scale model dipoles have been 
initiated. 
System Design 
The technical planning of the six sections and the lattice 
cells was further detailed. The distribution and position-
ing of all accelerator components has been finished, al-
lowing us to enter into the planning of the technical infra-
structure. The planning of the supply buildings has been 
continued, with updates of the floor space requirements 
and drawings of the distribution of the supply units in the 
individual building levels. 
Technical Systems 
A technical design study has been completed in collabora-
tion with BINP for a ferrite loaded acceleration cavity. 
The collaboration has been continued with an engineering 
study with the goal to prepare start of a prototype produc-
tion within 2007. According to the ion optical layout the 
injection- and extraction devices have been specified and 
design studies were started for the bipolar kicker magnets. 
In parallel, experimental investigations were conducted 
with pulse forming networks in collaboration with the 
Technical University of Darmstadt. HV pseudo spark 
switches as replacement for thyratron switches are under 
development in cooperation with the University of Erlan-
gen. The hardware, firmware and software for the digital 
control of dynamic high precision power converters has 
been developed and is in practical use in the power con-
verters of the therapy accelerator of HICAT in Heidel-
berg. Because of the high requirements for the quench 
protection of SIS 100 dipole magnets an electronic DC 
circuit breaker has been developed. A prototype DC cir-
cuit breaker is under construction in TU-Darmstadt.  
SIS300 
Lattice Structure and Main Magnets 
The required length of the six straight sections in SIS100, 
especially needed for Rf devices, defines (at a given cir-
cumference) the remaining length of the arcs. Since 
SIS100 and SIS300 are situated in the same tunnel on top 
of each other, this ratio between arc and straight section 
length is also valid for SIS300. However, the required slot 
length of s.c. cosΘ magnets for a given effective field 
length is much bigger than the one of super ferric mag-
nets. Therefore, the arc length, indirectly defined by 
SIS100, provides not sufficient space for the originally 
foreseen doublet focusing structure. In order to save space 
in each lattice cell the doublet structure has been replaced 
by a FODO structure [1]. A further difficulty could be 
solved which was caused by the lateral displacement of 
the straight sections of both rings. The missing dipole 
lattice concept was applied for SIS300 as well, leading to 
an almost perfect matching of both ring geometries. By 
removing the displacement of the straights we could re-
solve the collision of the vertically extracted SIS100 
beam with the SIS300 cryostat.  Furthermore, as in 
SIS100 it was decided to continue the dipole R&D with 
bent dipoles with lower maximum flux density of 4.5 T 
instead of 6 T and preferably a single layer coil. First de-
sign studies on a bent SIS300 dipole magnet have been 
performed by INFN [2] and BNG. However, the introduc-
tion of the missing dipole lattice requires an additional 
short magnet design for the ends of the arcs. A MoU for 
the development and production of such a short SIS300 
prototype dipole magnet has been signed by INFN and 
GSI. 
Technical Systems 
A first conceptual design study has been completed for 
the s.c. high field extraction septum of SIS300 in collabo-
ration with the BINP. The design study showed the feasi-
bility of such a 3.5 T septum magnet. The 2D layout 
could be integrated as a 3D CATIA model into the draw-
ings of the extraction and emergency dumping system. 
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Table 1: Adoptions in the beam line topology of FAIR 
Design Status of the FAIR Beam Transport System 
S. Ratschow1, F. Hagenbuck1, P. Spiller1, and F. Hinterberger2 
1GSI, Darmstadt, Germany; 2 Helmholtz-Inst. f. Strahlen- und Kernphysik Bonn, Germany
The conceptual design and the ion optical layout of the 
FAIR High Energy Beam Transport System were summa-
rized in detail in the FAIR Baseline Technical Report 
(FBTR). However, the status of the project required con-
tinued revisions and follow up activities. Adoptions in the 
lattice design of the FAIR synchrotrons, storage rings and 
their extraction and injection systems and modifications 
of the Super-FRS had to be comprised. The layout of the 
connecting beam line between FAIR and the existing fa-
cility has been reoptimized and the extraction magnet 
which provides the link was selected. Furthermore, in 
order to allow a later extension, the HESR was moved 
slightly towards the south. With respect to the level con-
cept it was considered to shift all ground level installa-
tions except the HESR down by 1 m to save building 
costs. To realize this option two additional vertical transi-
tions (in the beam line from SIS18 to SIS100 and from 
SIS18 to PP2perp) were added. Table 1 summarizes all 
modifications in the HEBT system since publishing of the 
FBTR. 
 
Figure 1: Modified FAIR HEBT system. 
Ring/beam line section Adoptions compared to FBTR 
HESR HESR was shifted 30 m towards the south. Injection angle and position changed 
along the straight section.  Upgrade option increases length of HESR straight 
sections by 60 m. 
CR Increase in size and injection angle. 
RESR Increase in width by 1.5 m due to larger CR. Extraction to NESR further south. 
from to  
NESR FLAIR Additional angle of approx. 6° included in the beam line to resolve spacial con-
flict between the FLAIR cave and the Super-FRS low energy cave. 
RESR HESR New layout. Unfavourable geometrical constraints from HESR upgrade option. 
RESR NESR New layout according to new extraction point. 
PBAR-Target CR New layout. 
Super-FRS  Symmetric pre-separator with 66° angle. New layout of the low energy branch. 
SFRS CR New layout. 
SFRS NESR Less space for matching at the NESR injection system due to 1.5 m larger lateral 
distance between NESR and RESR.  
SIS18 Extr.  Present SIS18 extraction system is used. Deflection towards FAIR will be real-
ized by the TS1MU1 dipole, which must be operated as a bipolar magnet. 
SIS18 HESR New layout according to completely changed boundary conditions. 
SIS18 NESR Beam line bypassing the antiproton target guided through the tunnel of the end of 
the Super-FRS ring branch. 
SIS18 PP2perp New layout. 
SIS100 HEAP, PBAR, 
PP1, PP2 
Layout adapted to normal conducting magnets, leading to a displacements of the 
beam line and their end points. 
SIS100 Dump New layout with horizontal bend. Uncompensated dispersion in both planes pre-
vents small beam size at the beam dump. 
SIS100 SFRS New, long drift space behind extraction system to avoid conflict with SIS300. 
SIS300 Dump New layout with horizontal bend. 
SIS300 CBM Adapted to optimized SIS300 dipole parameters. 
SIS300 SFRS Upper part of vertical transition matched to SIS100 to SFRS beam line. 
SIS100/300 
HESR 
SIS18
NESR 
CBM
FLAIR
PP 
   AP 
CR/ 
RESR 
Super- 
FRS 
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Design Work for the High-Energy Storage Ring (HESR)* 
A. Lehrach1,# for the HESR Consortium 
1Institut für Kernphysik, Forschungszentrum Jülich, Germany
Abstract 
 The HESR is being designed to accelerate and to store 
antiprotons in the momentum range between 1.5 and 15 
GeV/c [1]. An important feature of this new facility is the 
combination of phase space cooled beams and dense in-
ternal targets, which results in demanding beam parame-
ter requirements to reach high luminosities and high mo-
mentum resolution. The status of beam dynamics studies 
and R&D design work is reported.  
 
Introduction 
The HESR is being realized by a consortium 
consisting of IKP at Forschungszentrum Jülich, TSL at 
Uppsala University, and GSI Darmstadt. It will be built to 
exploit the research areas of charmonium spectroscopy, 
hadronic structure, and quark-gluon dynamics [2]. An 
important feature of this new facility is the combination 
of phase-space cooled beams and dense internal targets, 
comprising challenging beam parameter in two operation 
modes: high-luminosity mode with beam intensities up to 
1011, and high-resolution mode with a momentum spread 
down to 10-5, respectively [1]. Powerful electron and 
stochastic cooling systems are necessary to meet the 
experimental requirements.  
The layout of the HESR is shown in Fig. 1, including 
key components. The HESR lattice is designed as a 
racetrack shaped ring, consisting of two 180° arc sections 
connected by two long straight sections. One straight 
section will mainly be occupied by the electron cooler. 
The other section will host the experimental installation 
with internal H2 pellet target, RF cavities, injection 
kickers and septa. For stochastic cooling pickup and 
kicker tanks are also located in the straight sections, 
opposite to each other. To improve longitudinal stochastic 
cooling a third pickup location in the arc is presently 
being investigated.   
Special requirements for the lattice are dispersion free 
straight sections and small betatron amplitudes in the 
range of a few meters at the internal interaction point. In 
addition the betatron amplitudes at the electron cooler are 
adjustable within a large range.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Electron  
Cooler 
 
 
 
 
 
 
 
 
Figure 1: Schematic view of the HESR layout. 
Equipment for the injection from SIS18 and RESR, RF 
cavities (RF1, RF2), the PANDA experiment, and the 
electron cooler is included. Positions of stochastic cooling 
devices (pickup: P1–P3, kicker: K1-K3) are also indi-
cated.  
Beam Dynamics Studies 
In cooler storage rings aiming for ultra-high beam 
quality like the HESR, the interplay of many processes 
determines the final equilibrium beam distribution. A by 
far more detailed understanding of collective phenomena 
in space-charged dominated cooled beams is needed than 
presently achieved to reach highest possible beam quality. 
Different software modules are being developed and im-
___________________________________________  
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proved for beam dynamics simulations at injection and 
during beam cooling.  
Beam stability studies have been carried out including 
beam equilibria with electron and stochastic cooling, 
intra-beam scattering, and beam-target interaction. 
Furthermore average luminosities have been estimated 
assuming realistic machine cycles.    
A steering concept for the HESR has been developed, 
utilizing the method of orbit response matrix. Orbit 
bumps at various positions in the ring have also been 
specified.  
A multipole correction scheme is presently being 
developed. Higher-order field expansions from field 
calculations of HESR magnets will be utilized together 
with other non-linear fields like the one generated by the 
beam of the electron cooler.  
The impedance budget of the ring is also studied. 
Especially the beam-position monitors, kickers, and 
cooling devices will have a major impact.  
In addition the effect of trapped ions accumulated in 
the electro-magnetic potential of the circulating 
antiproton beam and the electron beam of the electron 
cooler is investigated [3]. 
R&D Work 
Electron Cooler 
High priority is assigned to the high-energy electron 
cooler. The main issue is the reliable operation of high-
brilliance electron beams in a high-voltage environment 
up to 4.5 MV. An important part of the work will be to 
construct prototypes of several critical parts of the system. 
Other aspects of the electron cooling system, including 
the method to charge the high-voltage terminal, the 
problems to create the required quality of the magnetic 
field and the stability of the high voltage, the required 
ultra-high vacuum, the electron beam optics, and stability 
of the electron beam transport are being investigated. This 
work is led by TSL Uppsala.  
The design of the magnet system is nearing comple-
tion. Prototypes of several solenoids are being built. Fur-
thermore the electron gun has been designed and prepara-
tions for making the design of the collector are taking 
place. Tests relating to the precise regulation of the high-
voltage have been carried.   
Stochastic Cooling Devices 
Prototyping of critical components for the stochastic 
cooling system is under way. Especially new high-
sensitivity pickups with low-impedance requirements and 
higher bandwidth (2 to 4 GHz) are being developed. 
Hardware studies are taking place simultaneously to find 
the optimal solution for enhanced filter requirements.  
In addition results of improved theoretical models are 
benchmarked with experiments utilizing the existing sto-
chastic cooling system at COSY to ensure a proper design 
of the stochastic cooling system. 
Magnets 
With regard to maximum field strength, magnet 
aperture and ramping rate of the RHIC-type super-
conducting “cosθ”-magnets installed in the interaction 
regions fit the HESR requirements except for the magnet 
length. The maximum acceptable sagitta to get an 
acceptable large good field region restricts the magnetic 
length to roughly 1.8 m. Curved magnets will avoid this 
problem, but the coil arrangement is more complex. 
Studies of two different types of bent dipole magnets have 
been carried out: “cosθ” and double-helix design. 
Prototype work for dipole magnets will start soon. For 
quadrupole magnets a design study has been launched to 
determine a realistic assembly of dipole and quadrupole 
magnets and to decide whether a hybrid magnet with a 
sextupole coil on top of the quadrupole coil can be 
realized. 
RF Cavities 
Beam dynamics simulations indicate, that two different 
types of cavities are needed: one for bunch manipulation 
and acceleration/deceleration, and a second one for stor-
ing particles in a barrier bucket.  
The first cavity will be a symmetric, magnetic alloy 
loaded cavity, combined with a push-pull tube-amplifier 
for multi-harmonic signals from 10 to 3000 V. The mag-
netic alloy cores (FineMet®) are on-site and will be in-
stalled as soon as the construction work is completed. The 
barrier bucket cavity has been designed and built as a 
single tank cavity. It will be driven by a transistor ampli-
fier which allows applying voltages between 1 and 100 V. 
The magnetic alloy cores (VitroPerm®) are also at hand 
and are going to be implemented soon.  
Cryogenics 
To reduce static losses of the cryogenic system the 
number of cold-warm junctions is being minimized.  
Injection septa and kickers, dipole magnets for the 
PANDA orbit chicane, RF cavities, stochastic kicker 
tanks, and the electron cooler will be operated at room 
temperature. The PANDA solenoid will have its own cry-
ostat segment. All other devices will be operated at liquid 
Helium temperature.  
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Design Status of the FAIR Proton Linac* 
L. Groening1, W. Barth1, G. Clemente2, P. Forck1, M. Galonska1, R. Gobin3, R. Hollinger1,O. Meu-
sel2, S. Minaev4,U. Ratzinger2, A. Schempp2, W. Vinzenz1, S. Yaramyshev1 
1GSI, Darmstadt, Germany; 2IAP, University of Frankfurt a.M., Germany; 3CEA/Saclay, Gif-sur-Yvette, France; 4ITEP, 
Moscow, Russia.
Introduction 
The FAIR proton linac together with SIS18 and SIS100 
has to provide the primary proton beams for the produc-
tion of antiprotons [1]. It will deliver a 70 MeV beam of 
up to 70 mA to the SIS18 with a repetition rate of 4 Hz. 
The room temperature linac will be located north of the 
existing UNILAC complex. Its conceptual layout is 
shown in Fig. 1. 
 
Proton Source and LEBT 
At CEA/Saclay the SILHI (Source des Ions Légères a 
Hautes Intensitées) is operating since 1996 and its nomi-
nal beam parameters fit to the needs of the FAIR proton 
linac. In December 2005 beam emittances for various 
source and LEBT parameters were measured during a 
joint CEA/GSI/IAP campaign. Its evaluation in 2006 fol-
lowed by additional measurements on space charge com-
pensation in May 2006 revealed the high reliability of the 
set-up and confirmed experimentally the compliance of its 
beam properties to our requirements [2]. Accordingly, this 
set-up is a suitable option to be employed at the proton 
linac. 
 
Operating frequency 
Due to the availability of reliable 3.0 MW klystrons on 
the market at a frequency of 325 MHz, the layout of the 
RF-components of the linac was completely revised re-
sulting in a considerable cost saving of the project. The 
325 MHz rf-power sources provide about twice the peak 
power with respect to devices at the former frequency of 
352 MHz. The number of these devices could be reduced 
by 40% reducing also the space requirements and civil 
engineering cost. Additionally, this new frequency allows 
for using p-linac rf-components also within a possible up-
grade of the existing UNILAC Drift Tube Linac (DTL) 
section, as 325 MHz just corresponds to three times the 
Unilac operation frequency. As a consequence the proton 
RFQ and the DTL section had to be re-designed. The first 
klystron to be used at an rf-test stand has been tendered 
and will be delivered in early 2008. 
RFQ 
Although the preferred option for the RFQ was defined 
as a 4-rod type in 2006, an alternative 4-vane design at 
325 MHz was proposed by ITEP/Moscow. The new fre-
quency resulted in the desired reduction of both the elec-
tric surface field and of the longitudinal output emittance. 
The adoption of the 4-rod option should be straight for-
ward and it is planned for 2007. 
Drift Tube Linac (DTL) 
Since the available rf-input peak power per load has 
been doubled, the number of independent rf-loads com-
prising the DTL was lowered from 11 to 6. Now each load 
consists of a pair of coupled Cross-bar H-cavities (CH). 
At the Frankfurt University a single CH-cavity model has 
been built and tested successfully [3]. It will be followed 
by a coupled CH-cavity model in 2007 [4]. Additionally, 
the number of individual DTL quadrupole types was re-
duced leading to an overall cost reduction. Passive DTL 
beam diagnostic components will be designed in collabo-
ration with KVI, Groningen, Netherlands. 
Injection into SIS18 
The beam to be injected into the SIS18 must have a 
relative momentum spread of less then ±1⋅10-3. Simula-
tions taking into account the effect of space charge forces 
revealed a significant growth of momentum spread during 
beam transport from the DTL exit to the SIS18. The trans-
port channel has been re-designed and the last re-buncher 
was moved from the DTL exit to the existing transfer 
channel UNILAC-SIS18.  
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Figure 1: Conceptual layout of the FAIR proton linac. 
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Localisation of field emission and rf tuning of the 350 MHz superconducting
CH-structure 
H. Podlech1, A. Bechtold1, C. Commenda1, H. Liebermann1, I. Mu¨ller1, U. Ratzinger1, J. Festag2,
and C. Po¨ppe2
1IAP, Universita¨t Frankfurt, Germany; 2GSI, Darmstadt, Germany
Abstract
The superconducting CH-structure is a novel multi-cell
cavity for the acceleration of protons and ions in the low
and intermediate energy regime [1]. A prototype cavity
(350 MHz, b=v/c=0.1) with 19 cells has been built and
tested several times with liquid helium at 4.5K. An effec-
tive accelerating gradient of 4.6 MV/m has been achieved
which corresponds to an effective voltage of 3.7 MV[2].
Analysis of field emission
Presently the acceleration gradient is limited by field
emision. Therefore a detailed analysis of the x-ray dis-
tribution has been performed with the goal to localize
existing field emission centres. 30 TLD-cards (Thermo-
Luminescence-Dose-meter) have been used. Figure 1 (top)
shows the X-ray dose distribution along the cavity at dif-
ferent positions. Clearly one strong peak is visible which
is one order of magnitude larger than the dose at neigh-
bouring detectors which are shifted by one cell length   
and by 90 degree (Fig. 1, bottom). This measurement indi-
cates the existence of only one strong emitter. In a next step
the cavity will be treated with a mild chemistry (Buffered
Chemical Polishing) and with high pressure rinsing which
is the standard method to remove field emitters in super-
conducting cavities.
RF tuning
A tuning system for the superconducting CH-cavity is
presently under development. It will consist of a coarse
tuner with a tuning range of 600 kHz. The frequency will
be shifted by applying an external force to the end cells
which decreases the length of the first and the last gap. The
maximum displacement is about 0.7 mm with a force of
5 KN. Additionally a fast system based on piezo-tuners
will be installed to compensate frequency variations due
to microphonics and Lorentz-Force-Detuning. The whole
system willl be tested in a horizontal cryostat (Fig. 2).
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Figure 1: Measured x-ray dose at different position along
the cavity (top) and positions of the x-ray dose-meter (bot-
tom).
Figure 2: Schematic drawing of the horizontal cryostat
with the position of the cavity and the tuning system.
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Ratzinger, A. Sauer, “First cryogenic tests of the super-
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Coupled CH-Cavity Development for the FAIR Proton Injector* 
G. Clemente, U.Ratzinger# , IAP Goethe University, Frankfurt, Germany 
L. Groening, GSI, Darmstadt                                                                            
 
Abstract 
The availability of commercial 325 MHz, 2.5 MW kly-
strons initiated the development of linac resonators which 
fit to that power level source: this will lead to a significant 
overall linac cost reduction. This is achieved if individual 
cavity modules can be rf coupled efficiently. At IAP 
Frankfurt a coupling cell for CH – cavity modules was 
designed, which at the same time can house a transverse 
focusing lens as well as the rf power coupler for the 
whole unit. A half scale model of the coupled CH mod-
ules 3 and 4 of the FAIR proton injector is under con-
struction at IAP.  Design and fabrication of a full scale 
high power cavity is planned for in 2007.    
The Proposed Linac Design 
The beam dynamics calculations lead to a limited num-
ber of gaps per acceleration section which have to be fol-
lowed by a transversely focusing  quadrupole lens. 
Especially at the low energy end each acceleration sec-
tion would need quite modest rf power levels only, when 
realized as an individual cavity. By rf coupling up to two 
of these sections and by integrating the quadrupole lens 
within the central coupling cell it is possible to match all 
cavities to the available  amplifier power. Each 2.5 MW 
amplifier will drive one cavity via one rf power coupler in 
this approach.  
 
The coupled CH-cavity concept 
  The original design of the CH-cavity made use of 
large end half drift tubes to make the end cell resonant 
and, at the same time, to host the magnetic lens needed 
for beam focusing [1]. By putting together two CH-
cavities of that type and by replacing the inner end walls 
by a radial stem support for the big drift tube, one is ap-
proaching the coupled CH-cavity geometry as one can see 
from Fig.1 [2]. Taking the coupling tank diameter as well 
as the drift tube outer diameter as variables one finally 
gets the resonant coupling of both CH-cavities. The field 
distributions in the coupling cell were investigated by 
MWS field simulations and are shown in Fig. 2. The large 
coupling drift tube is capable to house a magnetic quad-
rupole triplet and/or diagnostics instrumentation as well 
as a cooled beam collimator. A robust radial stem is well 
suited for tube adjustment. Moreover, it allows comfort-
able access to feed all installations within the coupling 
tube. 
 
Cavity Model 
 In order to test this new coupling concept and to vali-
date the simulations performed with Microwave studio it 
was decided to build a half-scale model of the second 
resonator of the p-injector. This model consists in two 
tanks with 13 and 14 gaps respectively, coupled by a 151 
mm long intetank section which includes the focusing 
lens. The field distribution is plotted in Fig.3 
 
 
Fig.1: Sketch of a coupled cavity CH - linac 
 
 
Fig.2: Coupling section between CH cavities with elec-
tric and magnetic field distribution, respectively. 
 
Fig.3:Axial electric field disribution for resonator 2 of the 
GSI proton Injector 
 
The outer cylinder will be entirely in aluminum while all 
the stems and the lenses are made of massive brass.  After 
the fabrication end, foreseen for early spring 2007, an 
intensive RF  measurements campain will start to investi-
gate all the properties of innovative coupling concept    
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Production, cooling and accumulation of antiprotons is
a very important objective of the FAIR project. It is ex-
pected that the FAIR accelerator facility will provide a
strongly focused beam of 29 Gev protons with an intensity
of 2.8 × 1013 in a single bunch of 25 ns length. Prelimi-
nary design studies show that a total number of 1.5 × 108
antiprotons will be produced within the phase space accep-
tance of the subsequent magnetic separator and the collec-
tor ring (CR). The production target will be irradiated with
the primary beam with a repetition rate of 0.2 Hz and tar-
get survival in these experiments is an extremely important
issue. In fact the same target has to be used over a period
of about 6 months.
To calculate the energy loss by protons and all the sec-
ondary particles, particle interaction and transport Monte
Carlo code, FLUKA [1] has been used which provides a
three dimensional energy deposition profile along the pro-
ton trajectory in the production target. A cylindrical irid-
ium target with a length of 15 cm and a radius of 1 cm has
been used and the data obtained by the FLUKA code has
been coupled to a two-dimensional hydrodynamic code,
BIG2 [2], to study thermodynamic and hydrodynamic re-
sponse of the production target. Different phases of the
target material are treated in BIG2 by using an equation
of state (EOS) data generated by a semi-empirical model.
Since the energy deposition is a three-dimensional problem
whereas the BIG2 code is two-dimensional, we study the
target behavior along the cross section at a specific point
inside the target (point where maximum energy deposition
occurs which is at L = 2.1 cm along the beam direction).
The radius of the production target is considered to be 3
mm in these calculations.
We consider four different cases namely, Case I: N
= 2.8 × 1013, FWHM = 0.5 mm, Case II: N =
2.0 × 1013,FWHM = 0.5 mm, Case III: N = 2.8 × 1013,
FWHM = 1.0 mm and Case IV: N = 2.0 × 1013, FWHM =
1.0 mm.
We have carried out numerical simulations for all the
above cases using the BIG-2. In Fig. 1 and Fig. 1, respec-
tively, we plot temperature and pressure at t = 25 ns vs
target radius at L = 2.1 cm.
It is seen from Fig. 1 that the target will survive only
with the beam parameters used in case IV because the tem-
perature remains below the melting point of iridium. How-
∗This work was supported by the BMBF and RFBR grant No: 06-02-
04011-NNIOa, Russia
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Figure 1: Temperature vs radius at L = 2.1 cm for different
cases of beam parameters.
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Figure 2: Pressure vs radius at L = 2.1 cm for different
cases of beam parameters.
ever, the induced pressure is about 16 GPa and it is im-
portant to study the effect of pressure waves on the target.
Moreover, during the 5 sec interval between two succes-
sive experimental shots, substantial heat conduction will
take place that will reduce the temperature and the pressure
significantly. To study these effects, one needs to include
heat conduction and elastic-plastic effects in the simulation
model. The BIG2 code is currently being upgraded to in-
clude these effects. In addition to that, a 3D code is being
equipped with the necessary physics to design a viable an-
tiproton target.
(please contact: n.tahir@gsi.de).
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    At the FAIR project 3 GeV antiprotons will be 
generated in collisions of 29 GeV protons with nucleons 
of an iridium target. Some parameters of the antiproton 
source are given in Table.1. The effective separation the 
protons and other secondary particles from the antiproton 
beam will be provided by an antiproton separator. The 
present magnet structure of the separator is shown in 
Fig.1. 
 
Table 1. Parameters of the antiproton source.  
Proton beam  
Kinetic energy  
Maximum number of protons per 
bunch 
Bunch length  
Transverse beam emittance h/v 
Cycle time  
29 GeV 
 
2×1013 
25 ns 
3/1 mm mrad 
10 s 
Antiproton beam   
Kinetic energy  
Momentum spread  
Transverse emittance, h=v 
Yield per proton  
Maximum yield per cycle 
Maximum possible stacking rate 
in the CR/RESR complex  
3 GeV 
±3% 
200mm mrad 
5×10-6 
1×108 
 
3.5×1010 h-1 
 
      The ion-optical characteristics of the separator should 
meet the requirements of the antiproton beam, the 
parameters of which are given in Table 1. The magnetic 
bending power is 13 Tm; the transverse acceptance is 240 
mm mrad; the momentum acceptance is 6 %. These 
parameters require magnets with large aperture, especially 
in the horizontal plane (up to 400 mm).  The ion optics of 
the antiproton separator has been calculated using CR-
type bending, quadrupole and sextupole magnets [1]. The 
quadrupole and sexupole magnets have normal 
conduction coils. For the CR-type bending magnet a 
superferric H-type magnet design with a large useful 
aperture is foreseen [1]. The same type is considered to be 
used for the separator.  
 
 
Fig.1. Layout of the antiproton separator. Abbreviations: 
Q1-10 – quadrupole magnets, B1-2 – dipole magnets, S1-
4 – sextupole magnets, MC1-4 movable collimators, 
SCR1-2 fluorescene screens, BMP1-2 beam position and 
intensity monitor.   
However, the radiation exposure of the superconducting 
coils might finally require normal conducting radiation-
hard coils.  
     The large momentum spread of the antiproton beam 
requires compensating the chromaticity by sextupole 
magnets (S1–S4) placed at locations, where the dispersion 
is not zero. To study the expected losses of antiprotons 
coming out the exit of the target, and which are 
transported to the CR, simulation of particle tracking 
through the separator has been performed. The initial 
antiproton distribution just after the production target and 
subsequent magnetic horn focusing was simulated with 
the MARS code (Fig.2a). 
 
 
Fig.2. Antiproton distributions at: a) the production target 
after collecting by a magnetic horn, ASA – Antiproton 
Separator Acceptance; b) the matching point of the CR, 
CRA – Collector Ring Acceptance.  
  
A similar antiproton distribution exists also in the vertical 
plane. In Fig.2a one can see also the phase ellipse, which 
corresponds to the separator acceptance at the target 
position. The ion optical parameters of this ellipse are εx 
=εy=240 mm mrad; βx≈βy ≈4 m; αx≈αy≈-1.2. 13% of the 
antiprotons cannot be accepted in the separator 
acceptance. In Fig2b we present the antiproton 
distribution and phase ellipse corresponding acceptance at 
the matching point to the CR ring. This result was 
obtained after a particle tracking through the second order 
magnet system of the separator taking into account  
chromatic effects of the quadrupole magnets. In this 
simulation a sextupole correction has been applied. We 
observe that about 20% of antiproton particles are still 
outside of the ring acceptance. The chromatic effect of the 
quadrupole magnets gives additional 7% of antiproton 
losses, which can not be avoided with the present layout 
of separator magnet system shown in fig.1. Further 
improvement of the ion optical properties of the separator 
is required with respect to reduction of the particle losses.          
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Introduction 
In spring 2006 an important milestone could be 
achieved by the completion and issuing of the Technical 
Report for the Super-FRS [1] within the FAIR Baseline 
Technical Report (FBTR [2]). Technical refinements led 
to major changes in the ion-optical lattice of the Low-
Energy Branch of the Super-FRS and to a rearrangement 
of the experimental setups using the Spectrometer and the 
Energy Buncher, respectively [3]. The conceptual designs 
and the prototype developments of various components 
for the Super-FRS are in progress,, i.e. the work has fo-
cused on high-power production targets, radiation resis-
tant magnets, superferric magnets, and beam diagnostics, 
including a beam time for testing the first  prototype beam 
detectors  [4].    
Layout of the Super-FRS 
The Super-FRS consists of two separator stages; the 
Pre-Separator and the Main-Separator serving three ex-
perimental branches i.e. the High-Energy Branch (HEB), 
the Low-Energy Branch (LEB), and the Ring Branch 
(RB).  Compared to previous designs [5] especially the 
layout of the LEB was modified considerably by turning 
the bending direction of the last dipole stage of this 
branch which leads to two major advantages:  
1. Avoiding one intermediate image plane in front of 
this dipole stage and thus saving one quadrupole trip-
let.   
2. An easier arrangement and access of the various ex-
periments at this branch, which has to be seen in the 
context of the whole FAIR topology. 
In addition the major experimental devices within this 
branch were rearranged, i.e. the energy buncher and the 
magnetic spectrometer, since the ion-optical function of 
both systems could be combined in one common mag-
netic stage [3]. The compromise led to a reduction of the 
maximum magnetic rigidity for the energy buncher from 
10 to 7 Tm which causes small transmission losses, but 
the overall changes will lead to a considerably cost reduc-
tion.  Figure 1 shows the present layout of the Super-FRS 
with its three branches including the energy buncher/ 
spectrometer at the exit of the Low-Energy Branch.  
 
 
Figure 1: Layout of the Super-FRS with its three exit 
branches, including the new layout for the spectrome-
ter/energy buncher behind the Low-Energy Branch [3]. 
High-Power Targets 
Similar to the present SIS18/FRS/ESR facility, both 
slow and fast extraction from SIS100/300 will be used: 
the former, with typical extraction times of a few seconds, 
for counter experiments at the experimental caves, the 
latter for experiments with radioactive secondary beams 
in the storage rings where beams with a typical pulse 
length of ~ 50 ns are required. The optimum target thick-
ness will range up to 8 g/cm2 depending on the atomic 
number Z of the projectile and the selected energy. 
Targets for slow-extracted beams 
The development of a rotating graphite target wheel 
[2,5] was further advanced. It results in a conceptual de-
sign where several technical considerations are taken into 
account: 
• The critical parameters (temperature, pressure/stress) 
of the chosen graphite grade must not be exceeded 
while irradiating the target material with heavy-ion 
beams. 
• On the other hand, the operating temperature of the 
target material should be high to enhance the anneal-
ing of any possible radiation damage. Therefore, 
cooling is only foreseen by thermal radiation from 
the graphite surface. 
• A maintenance concept must be developed that al-
lows safe maintenance also after activation of the tar-
get assembly during long periods of high-intensity 
irradiation.    
___________________________________________  
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Liquid-metal target development 
Since the highest intensity of fast-extracted 238U beams 
with optimum focussing conditions will destroy any solid 
target in a single pulse, a feasibility study has been 
launched in order to investigate if a windowless liquid-Li 
jet could be used as a Super-FRS production target. This 
study is being conducted by the KALLA group at FZ 
Karlsruhe [6]. Several steps have been undertaken during 
the last two years (see Figure 2): 
• A water loop has been constructedthat allows to in-
vestigate the flow conditions at the jet nozzle and the 
stability of a water jet with the required dimensions. 
At the same time, techniques for measuring velocity 
fields and jet shapes and numerical models to simu-
late them have been developed. 
• The next step will consist of investigating the proper-
ties of a liquid-Na jet in a closed test loop. An impor-
tant development is the Double-Layer Projection 
method (DLP) for detecting the shape of totally-
reflecting surfaces. 
As a third step, the liquid-Na loop can be converted to 
liquid Li. Important information can, however, be ob-
tained already from the liquid-Na loop since its key flow 
parameters can be chosen to simulate the liquid-Li ones. 
Besides the experimental activities we continued also the 
theoretical studies concerning liquid Li targets which are 
summarized in [7] and [8]. 
 
Figure 2: Schematic diagram of the different steps of liq-
uid-metal target development for Super-FRS. 
Magnet developments 
The magnet developments for the Super-FRS are di-
vided into two directions:  
• Radiation resistant magnets must be used in the very 
first dipole stage where the production target and the 
beam dump will cause high radiation levels. 
• All other dipole stages of the Super-FRS will be 
equipped with superferric magnets.  
Radiation resistant magnets 
The accumulated dose for magnetic elements located in 
the high-radiation areas of the Super-FRS is estimated to 
be in the order of 10 MGy/year. This requires to apply 
radiation resistant materials, i.e., all organic components 
cannot be applied. The most crucial parts in magnet de-
sign are the insulators and we consider to use Mineral 
Insulated Cables (MIC) [9]. A conceptual design study for 
a dipole magnet with an estimated overall weight of 120 
tons was performed considering the possibility of remote 
controlled disassembling in case the magnet would fail 
after some years of operations.  
Superferric magnets 
Superferric magnets are iron dominated magnets but 
using super conducting coils. Thus they unify the advan-
tages of both techniques, i.e. achieving a high field qual-
ity by iron shaping and high magnetic field gradients by 
applying high Ampere-turns. The specifications of the 
dipole magnet for the Super-FRS and the CR are very 
similar and thus we plan a common engineering design 
forfor both magnets. A prototype development is started 
together with the Chinese FAIR Group. A standard super-
feric multiplet of the Super-FRS will consist of a quadru-
pole triplet including correction coils and 2 sextupole 
magnets which are housed in one common cryostat (see 
Figure 3). The quadrupole magnets are characterized by 
very large apertures of ±190 mm and high field gradients 
of up to 10 T/m. A conceptual design study for such a 
multiplet was carried out and the next step will be the 
manufacturing of one prototype superferric quadrupole.    
 
Figure 3: All magnets of a superferric multiplet for the 
Super-FRS will be housed in one common cryostat.    
 
References 
[1] H. Geissel et al., Nucl. Inst. & Meth. B 204 (2003) 71 
[2] http://www.gsi.de/fair/reports/btr.html 
[3] D. Boutin et al., this report.   
[4] C. Nociforo et al., this report 
[5] M. Winkler et al.,  GSI Report (2006-1) 47 
[6] http://www.kalla.fzk.de/gsi 
[7] A. Tauschwitz et al., this report 
[8] N. Tahir et al., this report 
[9] M. Winkler et al., IEEE Trans. on Appl. Supercond., 
Vol. 16 (2006) 415  
FAIR-ACCELERATORS-10
54
Ion-Optical Design of an Energy Buncher and Spectrometer Stage for the
Low-Energy Branch of the Super-FRS ∗†
D. Boutin ‡1, C. Brandau1,2,3, H. Geissel1,3, S. Manikonda4, H. Weick3, M. Winkler3, M. Yavor5,
D. Ackermann3, M. Berz4, J. Gerl3, M. Gorska3, G. Mu¨nzenberg3, C. Nociforo3, W.R. Plaß1,
Zs. Podolya´k2, J. Saren6, and C. Scheidenberger1,3
1Justus-Liebig Univ., Giessen, Germany; 2Univ. of Surrey, Guildford, UK; 3GSI, Darmstadt, Germany; 4NSCL-MSU,
East Lansing, USA; 5Inst. of Analytical Instrumentation, RAS, St. Petersburg, Russia; 6Univ. of Jyva¨skyla¨, Finland
The Low-Energy branch of the new fragment separator
Super-FRS [1], as part of the FAIR project, will be dedi-
cated to experiments with exotic beams at low and inter-
mediate energies (5 to 200 MeV/u) and stopped beams.
For some experiments (HISPEC, DESPEC) a good mass
identification is necessary, which requires a magnetic rigid-
ity analyser. For others (MATS, LASPEC) the secondary
beam will be implanted into a stopping cell which will have
a finite volume, leading to the need of an energy (or range)
bunching [2].
The present design is based on a two-stage combined
spectrometer/buncher system. The first stage has a higher
angular and momentum acceptance, but a lower resolution,
optimized for the spectrometer mode. The second stage, in
combination with the first stage, corresponds to the buncher
mode which has been already discussed [2]. The two dif-
ferent optical modes are described in the following.
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Figure 1: Optics of the spectrometer mode. The initial
beam spot is (3×5) mm2. Quadrupoles are indicated in
black, dipoles in gray.
Spectrometer Mode
The first stage of the system is based on a QQQDQ spec-
trometer design. For the spectrometer mode, the first triplet
controls the resolving power of the spectrometer, the posi-
tion of the image plane and the transmission in the non-
dispersive plane. The last quadrupole aims for a parallel
∗Work supported by European Community under the FP6 program
DESIGN STUDY (contract 515873 - DIRACsecondary-Beams)
† Work supported by the GSI F+E program (GI/ME2)
‡ d.boutin@gsi.de
dispersion at the image plane, located 1.5 m behind this
magnet. The dipole has a deflection angle of 22.5 degrees
and a maximum Bρ acceptance of 7.2 Tm. The character-
istics of the system are the following: a momentum accep-
tance of ± 10 %, a resolving power of 1157 (with a 1 mm
object size), and a corresponding angular acceptance of 40
(30) mrad in the dispersive (non-dispersive) direction. The
optics of this mode is shown in Fig.1. The quadrupoles
have an aperture radius of either 19 cm (Super-FRS type)
or 30 cm. It is planned that the spectrometer can be rotated
around a secondary target.
Buncher Mode
The system displayed in Fig.2 for the buncher mode is
very similar to the system described in [3]. The main dif-
ference is that the maximum accepted Bρ has been reduced
to 7.2 Tm. This allows for the reduction of field constraints
on the quadrupoles, especially for large aperture ones. Fur-
ther calculations are being performed to optimize the sys-
tem for experimental requirements.
10 m
X
/8
0
cm
Figure 2: Optics of the buncher mode (view from the top).
The first part of the system corresponds to the one de-
scribed for the spectrometer mode.
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A high intensity of rare isotope beams is required by the
internal experiments in the NESR [1] and in particular by
the electron-ion collider mode [2]. It is therefore planned
to stack the RIBs longitudinally at injection energy i.e. in
the range 100-740 MeV/u. The stacking will be supported
by electron cooling.
The favored method of longitudinal beam accumulation
is based on a barrier bucket RF system in combination with
electron cooling. A broadband barrier bucket (BB) system
is foreseen, which provides single sine waves of 200 ns pe-
riod (5 MHz). Four cavities, each driven by a 3.5 kW solid
state amplifier, result in a total voltage of 2 kV. According
to dedicated beam dynamics simulations [3], this voltage
is sufficient to compress cooled beams. The stacking cycle
time, i.e. the time between 2 successive injections, could
be about 2 s, provided that the quality of the injected pre-
cooled beam from the CR allows cooling times below 1 s.
This is demonstrated in Fig. 1 for a beam of 132Sn50+ ions
at 740 MeV/u (0.9 μs revolution period). At t=0 a bunch
is injected between the BB sine pulses of 100 ns period
(10 MHz). The beam immediately debunches because the
barrier voltage is not sufficient to capture the particles. The
BB pulses are decreased and switched off at t=0.2 s, while
the beam is being continuously cooled. For the injected
beam, an initial emittance of 0.5 mm mrad and momen-
tum (energy) spread of 1.3 × 10−3 (1.5 MeV/u) was as-
sumed. They correspond to the 2σ design values for the
pre-cooled beam in CR, taking into account the transfer
through the RESR to the NESR as well as an additional
30% increase of the longitudinal emittance due to diffusion
processes. Parkhomchuk’s formula [4] is used for the cool-
ing rate, for an electron beam density of 3.2× 108cm−3 (1
A, 5 mm beam radius), a magnetic field strength of 0.2 T in
the cooling section and an effective electron velocity corre-
sponding to magnetic field misalignments of 5×10−5. The
resulting cooling time is about 0.8 s. Then, the BB pulses
are adiabatically introduced into the beam and increased
to 2 kV. One stays stationary while the other is shifted in
phase to compress the cooled beam. At t=2 s a new bunch
is injected. The process will be repeated until the required
intensity of the accumulated beam is reached. With such
stacking cycle times the experiments in the NESR can take
full advantage of the planned cycle time of 1.5 s of SIS100,
where the primary heavy ion beam is accelerated.
As an alternative, a h=1 RF system for bunching of the
circulating beam and injection of a new bunch onto the un-
stable fixed point in longitudinal phase space is considered
[5]. The RF voltage is raised so as to confine the bunch in
a small fraction of the ring circumference. A new bunch
∗ c.dimopoulou@gsi.de
is injected onto the free part of the circumference. Then
the RF voltage is decreased to let the beam debunch. Con-
tinuous application of electron cooling maintains the stack
and merges it with the freshly injected bunch. The present
choice is a ferrite-filled RF cavity with a peak voltage of
15 kV in c.w. operation and with a frequency swing in the
range 1-2.6 MHz [1]. It should be possible to modify the
cavity for operation at frequencies down to 600 kHz, and
thus cover the full range of injection energies at h=1, with
a moderate peak voltage up to 1 kV.
Figure 1: Accumulation of the 740 MeV/u 132Sn50+ beam
by Barrier Buckets and continuous application of electron
cooling. Solid lines: barrier voltage; Dots: particle distri-
bution in the longitudinal phase space. Top left to bottom
right: beam injection, debunching, cooling, application of
the BB pulses, compression of the stack by moving one
barrier, new injection into the gap between the barriers.
These feasibility studies show that for both stacking
methods the maximum useful accumulation time is limited
by the lifetime of the ion beam, either due to nuclear de-
cay or due to recombination with electrons of the cooling
system. Machine experiments are prepared in the ESR as a
proof of principle and for comparison of the two schemes.
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Here we report on the development of slotline structures,
optical notch ﬁlters, and cryogenic testing.
The development of slotline structures [1] was contin-
ued. Models were built in order to improve the sensiitivity
per unit length, with a ﬂat response in the 1-2 GHz band.
They are measured on a movable test stand with a near-ﬁeld
ﬁeld probe. The measurements are compared to model cal-
culations, and the model geometry is optimized experimen-
tally as soon as ﬁeld models turn out to be of too small ac-
curacy. This optimization process will be ﬁnished in spring
2007, when tests of several slotlines in a row are planned.
Figure 1 shows the ﬁeld probe above a test slotline.
Figure 1: Field measurement of slotline structure
A novel optical notch ﬁlter is being developed. The
splitting into two different lines is performed optically in-
stead of using microwave power splitters in order to reduce
asymmetry (Fig. 2). Therefore two optical receivers are
necessary before signal subtraction in a microwave 1800
hybrid. A ﬁrst test was successful, the necesssary correc-
tion equalizers will be relatively easy to design. Fig. 3
∗Work supported by EU, EURONS contract No. xyz.
shows a preliminary test assembly without equalizers and
with no temperature stabilization, which has been added
meanwhile.
It is planned to install a prototype into the ESR. A sub-
stantial reduction of the equilibrium nomentum spread is
expected. A theoretical study of notch ﬁlter cooling and
Palmer cooling of multi-component heavy-ion beams was
published [2].
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Figure 2: Schematic diagram of novel optical notch ﬁlter
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Figure 3: First test of optical notch ﬁlter
A cryogenic test stand has been built into a tank inher-
ited from CERN. Test structures and preampliﬁers can be
cooled down inside the tank to temperatures below 20 K,
in order to test the cryogenic pick-up tanks which will be
developed for FAIR.
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Investigation of Slotted Slow-Wave Structures for Stochastic Cooling
T. Lau1, T. Weiland1, and F. Nolden2
1Technische Universita¨t Darmstadt, Institut fu¨r Theorie Elektromagnetischer Felder (TEMF); 2GSI, Darmstadt,
Germany
In the new international project FAIR at GSI stochastic
cooling of secondary particles will be an important tech-
nical element. Therefore, an investigation of kicker and
pickup slow-wave structures similar to the devices investi-
gated by Faltin [1] and McGinnis [2] have been performed
with the help of the simulation package CST PARTICLE
STUDIOTM [3].
Slow-wave structures as pickups are more sensitive in
the region of a few Gigahertz than broad band loops. Es-
pecially, they don’t need binary combiner boards and thus
prevent the associated problems with them. The working
output port
output port
beam
slots
coaxial waveguide
center
y
d
Figure 1: Schematic drawing of a slow-wave pickup with
coaxial output waveguides.
principle of slot coupled slow-wave structures as pickup
is as follows: The electromagnetic energy from the wake
field of the beam couples via the slots into the output wave-
guides. Beside the coupling, the slots also reduce the phase
velocity of the output waveguide which is greater than the
speed of light. If the phase velocity in the output wave-
guides coincides with that of the beam in the beam pipe,
than the electromagnetic waves emerging from the slots in-
teract constructively in the output waveguides and a large
signal is obtained. The signal difference of the two output
waveguides is a measure for the transverse beam offset.
Following [2] the transverse impedance for the slow-
wave pickup structures is defined by
Z =
P
I2(y/d)2
, (1)
with P the total power out of the output of the difference
port, I the beam current, d the transverse dimension of the
beam pipe and y the transverse beam offset.
In a first step the device investigated by McGinnis (see
table 1) was simulated to verify the numerical simula-
tion. Unfortunately, this structure is designed for highly
relativistic beams and the coupling for slower beams, e.g.
β = 0.75, is not efficient. This is seen in Fig. 2 where the
obtained impedances for β = 1 and β = 0.75 are shown.
For β = 0.75 the loss in impedance is roughly three orders
in magnitude higher than in comparison to β = 1, because
the phase velocity of the output waveguide is not matched
with that of the beam and the spectrum is shifted. In or-
der to adapt this structure for beam velocities typical used
at GSI the geometry is currently redesigned. For this pur-
pose the dimensions and the coupling between the output
waveguide and the beam pipe are investigated.
height of output waveguide 20.32mm
width of output waveguide 40.64mm
height of beam tube 40.64mm
width of beam tube 40.64mm
thickness of slots 0.5mm
length of slots 17.526mm
width of slots 2.032mm
distance of slots 3.048mm
number of slots 50
Table 1: Dimensions of McGinnes type structure.
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Figure 2: Impedances for the investigated structure. For
β = 0.75 the result is scaled by a factor of 500.
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Studies of coherent transverse beam stability for the FAIR synchrotrons
V. Kornilov, O. Boine-Frankenheim
GSI, Darmstadt, Germany
Collective instabilities are a potential limiting factor for
the performance of the FAIR rings at GSI Darmstadt. Here,
we discuss results of numerical investigations for SIS 100
and for the SIS 18 Upgrade together with experimental in-
vestigations in the SIS 18 synchrotron.
Within our experimental investigations, the first mea-
surement of the transverse Beam Transfer Function (BTF)
in SIS 18 were performed [1] on October 25, 2006. The
BTF is obtained by exciting a beam with a periodic sig-
nal and measuring the resulting beam response (amplitude
and phase). The BTF signal contains a wealth of important
information on beam and machine properties. The beam
response was measured with the Schottky probe and com-
pared with the excitation using a network analyzer in a fre-
quency sweep.
The inversed BTF, represented in the complex plane,
gives the stability diagram, which provides threshold of in-
stabilities. Figure 1 presents raw data (black line) for the
stability diagram in the impedance plane V + iU ∝ Z⊥,
measured for the slow wave at the harmonic number m =
24. The experimental stability diagram is compared with
three theoretical distributions. We conclude that the Gaus-
sian distribution is the most suitable one to describe the
particle momentum distribution. Using these BTF mea-
surements, the vertical tune, the momentum spread and the
chromaticity were obtained too [1].
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Figure 1: Measured (black line) and theoretical stability
diagrams, which are inversed BTF
Considering our numerical and analytical investigations,
firstly we note that Landau damping does not provide
sufficient transverse stabilization in the SIS–synchrotrons,
which is due to weakly-relativistic beams and small beam
aperture/radius ratios. Other damping mechanisms, as due
to nonlinearities (amplitude-dependent incoherent tune)
may then become decisive for the FAIR rings. To the inco-
herent tune spread can contribute internal effects (nonlin-
ear space charge) or external nonlinearities (e.g., octupoles
in the lattice). This tune spread provides nonlinear Lan-
dau damping, which influences the collective beam motion.
Additionally, there exists a complex interplay between in-
ternal and external nonlinear damping mechanisms. So far,
only a few analytical works have been done and there is
still some uncertainty about nonlinear Landau damping.
For the first step, we use the approach from [2], where a
dispersion relation is constructed,∫
dψ0
da
[ΔQcoh −ΔQinc(a)]ada
Ω/ω0 − (Q0 + ΔQinc) = 1 , (1)
where ΔQcoh is the coherent tune shift (i.e., ∝ Z⊥coh),
Q0(a) includes only tune shifts due to external nonlineari-
ties and ΔQinc(a) is the tune shift induced by internal ef-
fects only (here, nonlinear space-charge).
As a computational tool accounting nonlinear beam dy-
namics, the particle tracking code PATRIC [3] is used. Se-
ries of simulations have been performed [4] for varying
both Re(Z⊥) and Im(Z⊥) to study comprehensively the
stability properties.
Our first comparison is for the case of internal effects
alone. Simulations with the code PATRIC did not show any
damping [4], which supports the prediction of the disper-
sion relation Eq. (1) [2]. We conclude that the incoherent
tune spread due to internal effects does not provide any sta-
bility. In the case of external nonlinearity alone we found
an agreement between Eq. (1) and PATRIC simulations.
Next, we consider the combination of both nonlinear-
ities. According to Eq. (1), an addition of the nonlinear
space-charge effect to the external nonlinearity results in
a strong enhancement of the stability, whereas the size of
the stable area remains unchanged in Re(Z⊥) and greatly
enlarges in Im(Z⊥). Our simulations [4] confirm the en-
largement of the stability along Im(Z⊥), but they disagree
regarding the extent of the stability area in Re(Z⊥). Rea-
sons for the discrepancy may be connected with the facts
that the dispersion relation Eq. (1) is a one-dimensional ap-
proximation of the 2D problem and the approach of Ref. [2]
is based on heuristic argumentation.
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Studies of non-linear and collective effects relevant for HESR∗
S. Sorge† 1, O. Boine-Frankenheim1, and A. Lehrach2
1GSI, Darmstadt, Germany; 2FZ Ju¨lich, Germany
Introduction
The HESR will be optimized to satisfy high beam qual-
ity requirements, i.e. Δp/p ∼ 10−5 for the envisaged high
antiproton currents. Cold beams react very sensitive to ex-
ternal perturbations and the possible heating of the beam
due to them. In this work the perturbation of the beam due
to the influence of the electron cooler acting as a non-linear
lens and intra-beam scattering (IBS) are the subject of de-
tailed investigations, using particle tracking codes.
Nonlinear-lens effect of the electron cooler
The space charge field of the electron beam acts as a
non-linear lens, as it was observed in CELSIUS [1]. The
resulting tune spread together with the induced resonance
lines can lead to ’electron heating’. For that reason, we
started to investigate the influence of the electron lens us-
ing the MAD-X tracking code. With MAD-X we can study
electron-lens effects using the full HESR lattice. To ex-
tend MAD-X for this purpose, the beambeam element, be-
ing created to describe the interaction between two particle
beams in a collider, was extended by two electron current
density profiles, a trapezoidal one having a flat top, and a
hollow parabolic one. In particular, the flat top profile is
characteristic for an electron cooler.
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Figure 1: Footprints of the tune deviation due to an electron
beam with trapezoidal radial current profile. A bare tune
νx = 12.16, νy = 11.23 and a charge corresponding to an
electron current Ie = 0.2 A and a cooler length Lcool =
15 m (see table 2.11.11 of [2]) were used.
In a first step, calculations for testing and validating the
extended beambeam element were performed. One set of
machine tunes, νx = 12.16, νy = 11.23, was used. The
∗Work was supported by EU design study (contract 515873-
DIRACsecondary-Beams
† S.Sorge@gsi.de
0,16 0,17 0,18 0,19
ν
x
0,23
0,24
0,25
0,26
ν y
(m,n,p)=(6,0,1)
(0,4,1)
(4,1,1)
(3,2,1)
(3,
-2,
0)
(-1,5,1)
fract. part of bare tune
Figure 2: Tune footprints calculated with a single electron
kick (left) and a sequence of 15 electron kicks (right) with
trapezoidal density. A bare tune of νx = 12.16, νy = 11.23
and a charge corresponding to Ie = 1 A and Lcool = 30 m
were used. These values taken from table 2.11.11 of [2]
denote maximal possible values.
non-linear tune shifts and tune footprints obtained from
MAD-X for a simplified lattice containing a single δ-like
beambeam kick were compared with the results of the ana-
lytical work in Ref. [1]. A very good agreement was found,
as the example shown in figure 1 demonstrates.
In addition, resonance excitation due such a nonlinear-
lens kick was analysed. Figure 2 shows a tune footprint
calculated for a trapezoidal electron density in the cooler
beam.
IBS measurement using transverse beam echoes
The measurement of transverse beam echoes is a pos-
sible method to determine diffusion processes like intra-
beam scattering (IBS). This was done in RHIC for condi-
tions similar to those in HESR. We evaluated these echoes
using a tracking code. To include IBS, we used a strongly
simplified model applying a diffusion coefficient being
constant in space and time. We found, that IBS rates be-
ing much larger than expected are necessary to explain the
decrease of the echo amplitude due to IBS. The results were
presented at the 9th ICAP conference in Chamonix, see [3].
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Kicker Coupling Impedances: Comparison between simulations and
experimental measurements
E. Are´valo, B. Doliwa, and T. Weiland
Technische Universita¨t Darmstadt, Institut fu¨r Theorie Elektromagnetischer Felder (TEMF)
Here we report numerical results on the window-frame
SIS-100 injection device at GSI. Details about the compu-
tational approach and deﬁnitions of the longitudinal (Z||),
horizontal (Zx) and vertical (Zy) impedances can be found
in Refs. [1, 2, 3, 4] and references therein. We merely re-
mark that the modeling and discretization were carried out
in CST MICRO WAVE STUDIO ®[5], whereas the simu-
lations relie upon a combination of Python and C++ code.
The GSI SIS-100 Kicker
The fast kicker modules SIS-100 Kicker represent a po-
tential source for beam instabilities in the planned Facil-
ity for Antiproton and Ion Research FAIR. Here, Zx is
dominated by the inductive coupling of the beam to the
pulse-forming network (PFN). We note that the behav-
ior of Zx can be described by the parametrization Zx =
a + b/(c + Zg), where the unknown terms a, b, and c are
estimated by three frequency sweeps with different values
of of the PFN impedance Zg . An excellent agreement has
been observed between simulations and parametrization for
a wider frequency range and different values of Zg [1].
We have also considered the inﬂuence of the particle ve-
locity, v = βc on Zx. Notice that it is possible to show
analytically that Zx ∼ β for small ω. Since the excitation
current is proportional to exp (−ikzz), where kz = ω/βc,
the scaling Zx ∼ β is expected as long as kzzL  1,
where L is the length of the kicker module. This behavior
is observed in Fig 2. Curves for β ≥ 0.5 superimpose after
division by β. For lower β, i.e. β = 0.2, this scaling rule
breaks down. This shows the necessity to perform separate
simulations for different β, and then interpolate the values
to consider all possible cases.
It is also worth to mention that in order to validate our
code we have simulated an extraction kicker at the Spalla-
tion Neutron Source (SNS) accumulator ring from which
experimental measurements are available [6]. Here, we
have observed that our simulations predict quantitatively
well the behavior of the experimental vertical impedance
[3, 4].
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Status of FAIR RF System Development* 
H. Klingbeil, P. Hülsmann 
GSI, Darmstadt, Germany
OVERVIEW 
Several new types of RF systems have to be developed 
for FAIR [1]. The following list of systems represents the 
latest planning:  
• SIS12/18 h=2 system  
• SIS12/18 bunch compressor  
• SIS100/300/NESR accelerating system  
• SIS100 barrier bucket system  
• SIS100 bunch compressor  
• CR debuncher system  
• NESR high harmonics system  
• NESR barrier bucket system  
For the RESR, it is planned to use one of the existing 
SIS18 ferrite cavities.  
In the following, a status will be given for each of these 
systems. Since not all development projects of the GSI 
RF department are directly related to a specific cavity 
system, a second section is dedicated to these cavity-
independent projects.  
CAVITY SYSTEM DEVELOPMENT 
The development of the SIS12/18 h=2 system is funded 
in the scope of the EU FP6 construction program. The 
starting point was a concept worked out by GSI and a 
detailed design study performed by Hitachi. In the first 
phase of the EU FP6 task, a detailed technical concept 
document based on a two-unit solution was completed 
[2]. Since the technological effort and the infrastructure 
requirements for such a system are very high, it was de-
cided to realize a three-unit system. This approach relaxes 
the requirements for each individual unit, and the overall 
power consumption is reduced. Detailed specifications are 
currently being worked out, and first call for tenders are 
prepared.  
The system integration of the SIS12/18 bunch compres-
sor system is in progress. Installation in the synchrotron is 
scheduled for the long shutdown period at the end of 
2007.  
For the SIS100/300/NESR accelerating system a de-
tailed design study has been completed by BINP [3]. Cur-
rently, the manufacturing documents are under prepara-
tion. It is planned to initiate a call for tenders for the first 
prototype system in 2007.  
For both barrier bucket systems (SIS100 and NESR), a 
technical concept is available [4]. A broadband test cavity 
will be realized in 2007 and 2008 in order to reduce the 
technical risk for the NESR barrier bucket system.    
The detailed design of the SIS100 bunch compressor 
system will not be started before reliable measurement 
data of the SIS12/18 bunch compressor are available. This 
strategy was chosen due to resource and risk limitations.  
For the CR debuncher system, the detailed status is pre-
sented in a different contribution of the GSI annual report 
at hand.  
A first design concept for the NESR high harmonics 
cavity is available.    
GENERAL RF PROJECTS  
One of the main challenges of the FAIR project for the 
RF department is the handling of the large variety of sys-
tems with the limited resources. Therefore, standardiza-
tion and maintenance aspects play an important role [5].  
In the scope of the project "Digital RF control sys-
tems", many electronics and software components have 
been developed based on FPGA and DSP technology. The 
main design criterion was modularity, and it will therefore 
easily be possible to use these components in various 
FAIR RF control systems.  
An "RF maintenance and diagnostics" project has been 
initiated. One objective of this project is to allow remote 
management of the firmware of all programmable com-
ponents. Furthermore, it will be possible to collect and 
analyze diagnostics information from any relevant RF 
component on site.  
The status of the "Bunch Phase Timing System" project 
BuTiS is presented as a separate contribution of the GSI 
annual report at hand.  
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CONCEPTUAL DESIGN OF THE COLLECTOR RING RF SYSTEM 
U. Laier, P. Hülsmann 
GSI, Darmstadt, Germany
This paper will give a brief introduction to the design 
sketch of the RF system intended to operate in the Collec-
tor Ring (CR) [1] of FAIR [2]. The requirements imposed 
on the system are summarized and a conceptual design of 
this RF system is presented. More details can be found in 
[3-5]. 
Requirements 
The CR is designed for fast precooling of rare isotopes 
and antiproton beams. Prior to stochastic cooling the rela-
tive momentum spreads of the incoming beams have to be 
reduced from 3% (antiprotons) and 1.5% (rare isotopes) 
down to 0.7% (antiprotons) or 0.4% (rare isotopes) re-
spectively. This is achieved by means of a two step proc-
ess. First, the bunch is rotated in phase space by a quarter 
of a synchrotron period in a mismatched bucket; after-
wards it is adiabatically debunched. Additionally, the RF 
system at hand will also be used to rebunch the beam to 
allow a bunch to bucket transfer from CR to a subsequent 
ring. 
According to single particle beam dynamic simulations 
[4] the CR debuncher RF system has to operate between 
1.18 MHz and 1.38 MHz. At 1.18 MHz it has to provide a 
total voltage of 400 kV in pulsed and 20 kV in continuous 
operation. All changes in the operational frequency will 
be slow (timescale 5 min). No in situ vacuum system bak-
ing is needed. The total installation length amounts to five 
times 2 m. The beam pipe of the cavities must have a cy-
lindrical diameter of at least 150 mm. 
The RF system will be installed in a two stage process, 
the first stage only accounts for half of the cavities 
(200 kV pulsed, 10 kV continuous), resulting in a reduced 
capture range of the RF system. 
System Design 
It is planned to build inductively loaded coaxial resona-
tors similar to the SIS18 bunch compressor [6]. These 
cavities will allow pulsed as well as continuous operation. 
When choosing the material of the magnetic cores to be 
used, one has to keep in mind that due to the limited in-
stallation length a gradient of 40 kV/m has to be achieved. 
Furthermore, it is imperative to account for fast changes 
of the gap voltage associated with the bunch rotation. Due 
to the limited maximum flux density and the fairly high Q 
value, the use of ferrite material was ruled out. 
It is planned to use VitroVac 6030F, an amorphous mag-
netic alloy. This material, which was used to build the 
SIS18 bunch compressor, combines a fairly high μQf 
value with a considerably low Q value and it is able to 
withstand sufficient magnetic flux to allow the required 
gradients. 
To fit the cavities in the available installation length ten 
resonators each with a length of less than 1 m will be 
built. Figure 1 shows, how the cavity will be driven by a 
push-pull amplifier consisting of two TH555A tubes op-
erating in class A. Each tube will be inductively coupled 
to one half of the cavity. 
 
Figure 1: Sketch of cavity and amplifier. 
Since no fast frequency changes are required and due to 
the broadband nature of the magnetic alloy it is possible 
to omit biasing of the ring cores. The slow frequency 
shifts will be obtained by remotely increasing the capaci-
tance in parallel to the gap. 
The design presented here relies on ten of the aforemen-
tioned ring cores (inner radius 145 mm, outer radius 
313 mm, thickness 25 mm). This results in a reasonable 
capacitance limit of 500 pF to account for core, gap and 
stray capacitances as well as tube capacitances. The shunt 
impedance amounts to about 1 kΩ leading to a cavity 
power demand of 800 kW in pulsed and 2 kW in continu-
ous operation. The average power of 240 W per ring core 
will be removed using forced air cooling. 
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BuTiS – Development of a Bunchphase Timing System 
P. Moritz  
GSI, Darmstadt, Germany
 Overview 
The precision Bunchphase Timing System (BuTiS) is re-
quired to synchronize the distributed rf accelerating cavi-
ties in the SIS100/300 synchrotrons as well as particle 
bunch transfers within the other accelerators and storage 
rings of the FAIR facility. 
System Components 
The time and frequency synchronization of the accelerator 
rf systems on the GSI-FAIR complex have to span local 
distances exceeding the kilometer range. A star-type sig-
nal distribution system fed by a central frequency and 
time reference generator can provide the necessary signals 
with the required accuracy. 
The “BuTiS”-system concept [1], comprises the building 
blocks: 
Time- and frequency reference 
• Central frequency- and time reference generator 
Optical signal transport and distribution 
• Optical transmitters and receivers 
• Distribution of the “BuTiS”-signal by optical fibers 
• Fiber delay measurement and correction 
Signal delegation   
• Signal splitting of the reference signals at target loca-
tions 
• Interfacing and integration into central control system 
including resynchronization of the digital data that 
controls the rf frequencies in realtime. 
Global synchronization 
• Locking the central reference to global time (UTC) 
Development status of the components 
Time- and frequency reference 
A versatile, highly stable frequency- and time reference 
synthesizer is manufactured together with an external 
contractor, WORK Microwave GmbH. It is a multifre-
quency synthesizer that generates coherent sinewaves at 
frequencies of 10 MHz and 200 MHz, and coherent time 
impulses (ticks) at a rate of 10 μs. The synthesizer does 
include remote access via LAN as well as an external 
phaselock reference input for 10 MHz. The prototype was 
demonstrated in Dec. 2006. The 200 MHz signal is re-
quired to lock all Direct Digital Synthesizers (DDS) of the 
accelerator rf systems synchronously. It is the master 
clock. The 10 μs time reference ticks are required to re-
move time ambiguity in the data transfers to the widely 
spread DDS rf generators within  the FAIR complex. The 
10 MHz component is provided for locking standard test 
and measuring equipment to the main reference. This ref-
erence synthesizer model can also be utilized as local ref-
erence source. At the destination, it can be run in a fly-
wheel mode, being phaselocked to the “BuTiS” reference. 
Due to the inherent stability of the internal timebase, dis-
ruptions of the external reference lasting for minutes do 
not interrupt the synchronization of the rf systems.  
Optical reference signal distribution 
The reference signals from the central multifrequency 
reference are transported by the optical distribution sys-
tem. This system is worked out under a doctor´s student 
contract. The working frequencies of the rf systems call 
for a time uncertainty of less than 200 ps to maintain 
proper phase relationship between the cavities. The local 
distances between these rf systems  underlie temperature 
variations. The absolute lengths of the distribution paths 
are not identical. Thus, methods to continuously measure  
the individual distribution path lengths and compensate 
the resulting local time differences have to be found. The 
low time jitter values of the reference generator has to be 
maintained as well. The exceptional flat frequency re-
sponse, paired with reasonable thermal stability, call for  
single mode optical fiber transmission links. The results 
found so far are very encouraging [2], and others report 
similar performance [3,4]. 
Signal delegation 
A central aspect of synchronizing digital rf generators is 
the timing of the data that determines frequency of the 
generators. In SIS 100, the velocity of a particle bunch 
traveling from cavity to cavity requires a certain phase-
shift of the individual cavity rf. This has to be controlled  
in realtime. Fortunately, a DDS rf-generator does translate 
prestored digital data values for phase and frequency  into 
an analog sinewave at exactly that clock signal edge when 
it receives a data load command. Then, rf phase and fre-
quency of the generated rf become deterministic proper-
ties. The 200 MHz DDS main clock allows a 5 ns coarse 
time resolution, the phase can be aligned in 214 steps 
(1.2ps @ 50 MHz). This capability can be used to com-
pensate the reference distribution delay time as well as the  
cavity phase shift created by the moving particles. The 
work on this item has started.           
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Reconfigurable Computing Systems for Digital RF Closed-Loop Controls∗
P. Zipf†1, A. Guntoro1, M. Glesner1, and H. Klingbeil‡2
1Institute of Microelectronic Systems, Darmstadt University of Technology, Germany; 2GSI, Darmstadt. Germany
Project Overview
For the development of the SIS100/300 accelerator, the
required beam stability and manipulation tasks can only
be accomplished by specific control mechanisms. Digital
algorithms enable a much higher precision and flexibility
for processing, filtering, open and closed-loop control of
signals than analogue techniques. Their main workload is
characterised by the processing of continuous data streams.
The software-driven processing of data streams using
digital signal processor (DSP) systems, as currently used
by the GSI for building the cavity synchronisation system,
poses a capacity limit due to the block-wise computations
and limited I/O bandwidth of the processors. The availabil-
ity of reconfigurable hardware (field-programmable gate
arrays, FPGA) opens new opportunities for the provision
of computing power: Hardware functionality can be ”pro-
grammed” into an FPGA on demand, a technique known
as structural programming. Like this, stream-based algo-
rithms, e.g., a FIR filter, can be directly implemented in fast
hardware structures. Instead of loading and executing in-
structions working on stored data, the streams can directly
be fed into the functional unit, e.g., working as a pipeline.
The primary objective of our work is the development
of optimised hardware architectures for this kind of sys-
tem, based on the migration of initial software solutions
into faster FPGA hardware.
Structure And Development
The system hardware from Sundance consists of two
DSP processors, connected by a Xilinx Virtex II FPGA
which also handles all external interfaces (Fig. 1). DSP A,
host PC ADC/DAC
TMS320C67xx
FPGA
Xilinx
Virtex II
DSP DSP
TMS320C67xx
A B
Figure 1: System architecture with two DSPs and FPGA.
running a real time operating system, communicates with
the host, while DSP B does the signal processing.
The development strategy is to stepwise replace soft-
ware algorithms on DSP B by optimised hardware designs
placed inside the communication FPGA. Thus, the work-
load of DSP B is migrated to the FPGA releasing the DSP
∗Work supported by GSI, contract DA/GLE
† zipf@mes.tu-darmstadt.de
‡ h.klingbeil@gsi.de
for further tasks. This strategy also ensures that the labori-
ous hardware development is only started when a new al-
gorithm is already tested and reference results exist.
Hardware Implementations
The first two functionalities implemented as hardware
modules are a phase detector [1, 2] and an amplitude cal-
culation. The phase detector as described in [1] requires an
arctan calculation which was replaced by look-up tables
with precomputed values in our implementation. Different
bit widths and table sizes were implemented and compared,
resulting in an optimal solution at 12 bit precision and 256
table entries (range between 0 and π/4). This solution
achieves a maximal error of 0.222 degrees and uses 5.37%
of the FPGA slices, 5.92% of the flip-flops, and 3.46% of
the 4-LUTs. The computation is implemented as a 7-stage
pipeline, where each stage but the division takes one clock
cycle; the division takes 18 cycles.
The amplitude calculation is needed for the DDS to tune
the oscillator parameters. It is based on the CORDIC algo-
rithm and its implementation also covers a reimplementa-
tion of the phase detection unit. To improve throughput, the
algorithm is implemented in a 4-stage pipeline. A pre- and
post-processing stage are used to adapt the input and output
to the CORDIC quadrant limitation. The CORDIC stage
calculates the CORDIC iterations inside a micro-pipeline
with 16 stages (for 16 bits resolution). The CORDIC al-
gorithm requires 478 slices (4%), 788 flip-flops (3%), and
792 4-LUTs (3%). All modules are running at 100 MHz.
Future Work
Additional hardware modules, like a FIR filter currently
under development, will exceed the available FPGA re-
sources and an alternative has to be found. We plan to
investigate the possibility to use a Virtex II Pro FPGA,
which also contains 2 on-chip PowerPC processors. This
can be used to further improve the computing power and
provides enough additional resources for future extensions.
The main challenge will be the integration of this FPGA
into the existing system.
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Development of FAIR superconducting magnets and cryogenic system 
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Gebhard Moritz, J. Macavei, Carsten Muehle, Pierre Schnizer, Claus Schroeder, Andrzej Stafiniak, 
Kei Sugita, Birgit Weckenmann, Yu Xiang,GSI Darmstadt, Germany
Introduction 
R&D continued during 2006 for FAIR superconducting 
magnets, for the main dipoles, quadrupoles, and now the 
correctors and the corresponding cryogenic distribution 
system as well. Design of cryostat components, such as 
interconnections and cold-warm-transitions of beam 
tubes, has started. R&D was conducted by GSI employ-
ees, in collaborations, or by contracts, funded by GSI or 
the European Union (EU FP6 Design study). Most of the 
results are documented in the GSI FAIR Baseline Techni-
cal Report (FBTR). 
 
Superconducting Magnets 
Rapidly Cycling Synchrotron Magnets 
An overview of the status of the R&D is given in ref. 
[1]. 
SIS 100 
Main dipole 
The eddy current effects were calculated and explained 
[2]. Studies on mechanical stability of the coil and con-
ductor demonstrated that the coil will survive 20 years of 
fast cycling operation. [3, 4]. 
In 2006 the FAIR Synchrotron group determined that 
an increased beam acceptance is required for the dipole. 
Therefore, we had to go from a straight magnet to a 
curved design. Since the magnet could be made 10% 
longer, the nominal field came down to 1.9 T, resulting in 
better field quality.  
The conceptual design of full length dipoles was fin-
ished [5, 6], the cooling of such a magnet was tested at 
JINR (Dubna), and two magnets were ordered BINP (No-
vosibirsk), and BNG (Würzburg).  
Main quadrupole 
The conceptual design of the magnet, with a 6-turn coil 
was finished. The magnet is ready to be built. [7] 
SIS 300 
Main dipole 
Technical design work for the 6T, two coil layer 1 T/s 
straight dipole was finished by IHEP, Protvino [8]. The 
3D end design was developed by CERN [9]. Design of 
the tooling for a 1 m model dipole will be finished in 
2007 and the model dipole will be built and tested, to 
validate fast cycling cosθ dipole design concepts. The 
Minimum Quench Energy (MQE) of a cable similar to the 
envisaged cable for this model dipole was measured for 
different values of the cable adjacent strand resistances 
[10]. 
The recently adopted lattice design change (Doublet to 
FODO) requires a larger beam acceptance for the SIS 300 
synchrotron and therefore a larger effective aperture for 
the dipole. The design of a one coil layer, 4.5 T, 1 T/s, 7.8 
m long curved (R= 66 m) dipole was conceived to meet 
this need. The technical feasibility of the design was 
demonstrated [11, 12] and the field quality consequences 
due to the curvature were found to be negligible. A con-
ceptual design, with a temperature margin around 1 K, is 
still under investigation by INFN. In parallel with the 
magnet design development, INFN is pursuing the devel-
opment of a 2.5µm filament size wire, based on a Cu-Mn 
interfilamentary matrix. A trial billet has been produced 
and tested. 
Magnets for the Storage rings and the Super-
FRS 
Super-FRS / CR 
The technical design of the CR/Super-FRS dipole was 
finished by the FAIR China Group. The construction of a 
model coil has started. The stamping tool was ordered.   
The quadrupoles (with embedded octupoles) and sextu-
poles of the Super-FRS form a multiplet. Toshiba finished 
a conceptual design study for such a multiplet. The tech-
nical part of a contract for the production of a prototype 
quadrupole has been worked out. 
NESR / RESR 
Conceptual Design work of the superferric dipole is close 
to completion.[13] The total costs (construction and op-
eration over 20 years) of such a magnet system were 
compared with those of a resistive version and were simi-
lar. 
Quench detection and protection 
The detection and protection schemes were established 
for SIS 100, SIS 300, the CR ring, the Super-FRS and the 
HEBT-lines and were reviewed at an expert meeting. 
Magnet protection bypass diode stacks were tested and 
diodes irradiated at ITEP [14]. 
Test Facility for model and prototype magnets 
Test dipole GSI 001 was successfully tested (training, loss 
measurements) at the GSI test facility, with forced flow 2-
phase and single phase cooling. The cryo-plant, with the 
required distribution and feed boxes, reached the design 
goals. The anti-cryostat is ready for installation. Most 
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parts of the mole were assembled and it will be opera-
tional in September of next year. The 'stretched wire' will 
be tested in March of next year. 
 
Cryogenics 
During last year the heat load list for the cryogenic sys-
tem was updated [15][16]. The cryogenic distribution 
system was modified to reflect the new topology of FAIR. 
The location and size of the building for the cryogenic 
infrastructure (compressor buildings and refrigerators) 
was finalized. Given these locations, a new layout of the 
cryogenic distribution system could be started and the 
first steps were taken to determine the final traces of the 
cryogenic pipelines.  
In addition to the global distribution system, the local 
distribution systems for CR, Super-FRS and HEBT were 
discussed. For CR and Super-FRS, different cooling 
schemes were compared and the thermo-siphon scheme 
with a common header for a group of magnets was cho-
sen. For the HEBT, a new concept for the cryogenic and 
electrical supply of the magnets was found, by separating 
feed boxes for helium and electrical feed boxes. 
The efficiency of the cooling of the SIS300 coil was 
evaluated by numerical simulations [17]. The cooling of 
the adopted SIS 100 magnet was recalculated. 
 
Cryostats 
Cryostat designers started the design of magnet cry-
ostats, special ring cryostats, the magnet interconnection 
regions and the Cold-Warm-Transitions (CWT) of the 
beam pipes. A MoU with Cracow Technical University is 
in preparation, for support in this field.    
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Transient Finite-Element Simulation of the Eddy-Current Losses in the Beam
Tube of the SIS-100 Magnet during Ramping
H. De Gersem∗, S. Koch† , T. Weiland, TEMF TU Darmstadt, Germany
The SIS-100 magnet is designed such that a sufficient
field quality is guaranteed in a broad range of operation
modes [1]. The field quality during ramping is influenced
by the eddy currents generated in the conductive beam tube.
The eddy-current losses in the beam tube are computed on
the basis of a transient 2D finite-element model. The mesh
is adaptively refined (Fig. 1). The backward Euler method
with a fixed time step is used for time integration. The
ferromagnetic saturation of the iron yoke results in nonlin-
ear systems of equations which are here linearised by the
Newton method. The tolerances on the mesh refinement,
the time integration and the nonlinear loop are 0.1%. The
2D model is validated by a parameter variation and an an-
alytical model studying the closing paths of the currents at
the end parts of the beam tube.
Simulations are carried out for the geometry and the cy-
cle described in [2]. The material data are taken from [3].
The eddy-current losses amount to 8.68 J and 14.56 J per
cycle for an elliptical beam tube made of stainless steel,
with a major axis of 115 mm, a minor axis of 60 mm and
with a thickness of 0.3 mm or 0.5 mm, respectively.
The field quality is measured at a reference radius of
25 mm and compared to a configuration without beam tube.
The time dependence of the field quality is shown in Fig. 2a
and Fig. 2b for the sextupole and decapole field compo-
nents respectively. Both indicate significant differences at
low aperture fields, especially for the sextupole component
at the beginning of the ramping. Also without conductive
beam tube and for low field values, the relative sextupole
and decapole components depend on the magnitude of the
field, which indicates the presence of a nonlinear effect.
When the magnet operates at an injection field of 0.253 T,
the magnetic flux density in the bridge of the iron yoke is
already 1 T (Fig. 3). Hence, the saturation pattern in and
around this bridge changes immediately at the start of the
ramping, resulting in a changing field quality.
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Figure 1: SIS-100 dipole magnet: mesh and magnetic flux
lines at a maximum aperture field of 1.9 T.
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Figure 2: Comparison of the (a) sextupole and (b) decapole
field components during ramping.
Figure 3: Magnetic flux density in the bridge of the iron
yoke at aperture fields of 0.25 T and 0.36 T.
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Transverse BIF Profile Monitor - System Development for FAIR ∗
F. Becker1, C. Andre1, P. Forck1, and D.H.H. Hoffmann1,2
1GSI, Darmstadt, Germany; 2Technical University Darmstadt, Institut fu¨r Kernphysik, Darmstadt, Germany
The planned facility for antiproton and ion research
FAIR at GSI will accelerate high intensity beams from pro-
tons to Uranium ions in the energy range of 100 MeV/u to
30 GeV/u. In the transport lines between the synchrotrons
and in front of production targets precise alignment is re-
quired. Conventional intercepting diagnostics will melt due
to the beam energy deposition. For transverse profile deter-
mination, we investigate a non-intercepting Beam Induced
Fluorescence (BIF) Monitor. The residual gas N2 is excited
to fluorescence levels by atomic collisions with beam ions.
By single photon detection via a double MCP image inten-
sifier coupled to a digital CCD camera the beam profile is
determined [1]. The BIF method was applied successfully
at the GSI heavy ion LINAC for various ion species and
energies between 4 and 11.4 MeV/u [2]. Now we inves-
tigate its application for higher energies as extracted from
the heavy ion synchrotron SIS-18 [3].
Our experimental studies aimed to determine the photon
yield and background contribution for different ion species
(Xe, Ta, U) at beam energies from 60 to 750 MeV/u. In
Fig.1 the signal amplitude (top), background level (mid-
dle) and signal to background ratio (bottom) are plotted as
a function of energy. The measured signal strength cor-
responds to a Bethe-Bloch fit. The measured background
level corresponds to the calculated cross section of neu-
∗Work supported by EU, project FP6-CARE-HIPPI
Figure 1: Energy variation for U, Xe and Ta ions.
4·108U@60MeV/u 1·109U@350MeV/u 1·109U@750MeV/u
Figure 2: Images of an Uranium beam at different energies
and a N2 pressure of 2·10−3 mbar - slow extraction mode.
tron production which rises approximately proportional to
the square of the energy and the number of nucleons [4].
Therefore the signal to noise ratio decreases with the en-
ergy, see Fig.1 (bottom) & Fig.2. It can be improved by
appropriate neutron shielding or short gating times to ex-
clude delayed neutrons [3]. Even though the recorded beam
profile widths correspond to those achieved with standard
methods within 10%, it is crucial to understand the excita-
tion mechanisms. Cross sections of nitrogen fluorescence
by proton impact were achieved from spectroscopic anal-
ysis. Beside the dominant N+2 bands due to atomic colli-
sion also N2-bands were observed and a two-step process
was identified as their excitation mechanism [5]. For 200
MeV/u Au65+ions we mapped the spectral response us-
ing narrow band 10 nm interference filters and associated
it with nitrogen transitions see Tab.1. Since the vacuum
pressure affects the occurrence and the mean free path of
secondary e− and the beam’s E-field will displace charged
particles as e− and N+2 , profile distortions might occur. For
next machine experiments focus will be on the influence
of pressure and the beam’s charge density on fluorescence
spectra and profile distortion.
Table 1: Comparison of relative N2 and N
+
2 transition
intensities: 200 MeV/u Au65+, p =1·10−2mbar (SIS-18,
Nov. 2006) ↔ 200 keV protons, p =2,6·10−2mbar [5].
filter λ0 molecule Au65+ (2006) p ([5], 1961)
390FS10 N+2 (0-0) 50±7,5% 72%
430FS10 N+2 (0-1) 29±4,4% 19%
470FS10 N+2 (0-2) 5±0,8% 4%
337FS10 N2 (0-0) 16±2,4% ≈4%
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Numerical Calculations of Displacement Sensitivity for SIS100 BPMs ∗
P. Kowina, P. Forck, W. Kaufmann, A. Peters, J. Scho¨lles, and A. Stafiniak
GSI, Darmstadt, Germany
Abstract
In the simulations, the linear cut Beam Position Moni-
tor (BPM) based on a metal coated ceramics is considered.
High displacement sensitivity was achieved by reduction of
plate-to-plate cross talk caused by coupling capacities.
Parameters of SIS100 BPMs
For the foreseen bunch frequencies of 0.5 MHz < fb <
2.7 MHz and aspired bunch lengths the designed BPM
should show a good response in the frequency range from
∼ 0.1 MHz to 100 MHz. For such frequencies and the
bunches much longer than the BPM length the linear–cut
BPM is preferred. In order to reach the desired accuracy of
100 μm [1], the mechanical stability has to be about 50 μm.
The design based on a metal coated Al2O3 ceramics gives
the required mechanical stability in the cryogenic environ-
ment. The model considered in the simulation is shown in
Fig. 1. The elliptic ceramic pipe is coated on the inner side
with 30 μm of PtAg metal layer. In this metal coating the
electrode shapes are formed by cutting out grooves. The
available detector length of 300 mm is sufficient to mount
vertical and horizontal plates (together with relevant guard
rings) in series within one unit. For most intense beams, the
expected peak voltage of BPM signals reaches 1.8 kV [2].
Therefore, the relative distances between electrodes, guard
rings etc. have to be large enough to prevent discharges.
Simulation results
For all simulations CST Studio Suite 2006 was used. All
simulations were performed using the time domain solver
in the bandwidth corresponding to a frequency range from
DC to 200 MHz. The BPM was treated as a coaxial TEM
wave guide with the ion beam approximated by a cylinder
of a Perfect Electric Conductor (PEC) [2]. The main goals
in optimization were: i) high displacement sensitivity (de-
fined in Ref. [2]), ii) linearity of the position determination
and iii) reduction of misalignment of the electrical center
with respect to the geometrical center of the BPM.
Figure 1: Model of the BPMs used in the simulations.
∗Work funded by EU-Design Study contract No. 515873.
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Figure 2: Displacement sensitivity for the BPM without
and with separating ring and guard ring.
The influence of the end guard ring and separating rings
positioned in the diagonal cut between the adjacent plates
was investigated in detail. The simulated beam position
was swept in the horizontal plane in the range ±50 mm in
10 mm steps. For each beam position the BPM response in
both horizontal and vertical planes was calculated from the
S-parameters expressed in the frequency domain [3]. The
results are presented in Fig. 2.
For both BPM configurations the position determination
is linear — maximum deviations from the linear fit over the
whole ±50 mm displacement range are smaller than ±2%
for the BPM without and ±0.5% for the BPM with rings,
respectively. The offset of the electric center of the BPM
without rings is about 13 mm whereas the offset for the
BPM with rings is consistent with zero. It indicates, that a
guard ring at the end of the BPM electrodes (see Fig. 1) is
mandatory.
The displacement sensitivity, as given by the slope of
curves in Fig. 2, depends strongly on plate–to–plate cou-
pling. For the ceramic based BPMs large ceramic permit-
tivity r=9.6 leads to high coupling capacity that dimin-
ishes the difference signal and deteriorates the displace-
ment sensitivity. An insertion of a separating ring in be-
tween the two adjacent horizontal plates reduces the cou-
pling from −9, 5 dB to −21 dB. This increases the dis-
placement sensitivity by a factor of two [2]. Hence, the
separating ring is required in the BPM designs based on
ceramic solution. The frequency response of investigated
BPM was analyzed and is discussed in details in Ref. [2].
It is shown that the displacement sensitivity is almost fre-
quency independent in the relevant frequency range.
The simulations will be continued for alternative geome-
tries. In parallel, the mechanical features of the single BPM
components in the cryogenic environment will be investi-
gated.
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Dynamic 11kA Power Converter for Prototype Testing of Superconducting 
FAIR Magnets 
H. Welker, H. Ramakers, G. Breitenberger GSI Darmstadt 
 
In 2006 the set up of one test bench for superconduct-
ing magnets of FAIR was finished at GSI. A second one is 
under construction. After commissioning of both test 
stands magnetic measurements of up to 8 superconducting 
magnets per month will be possible. 
The dedicated power converter must supply DC cur-
rents and ramped currents up to 11000A and provide out-
put voltages up to +/-100V. This gives an effective appar-
ent power of 1.3 MVA. The maximum value for the rate 
of current change is 18kA/s for positive and negative cur-
rent ramps. To avoid tracking errors on the current ramp 
and to reduce current ripple the power converter is 
equipped with a dynamic active filter.  
A similar power converter topology with active filter is 
in use in GSI since 1990 [1]. It consists of a 12 pulse sili-
con controlled rectifier (SCR), which carries the bulk of 
the load current, and a parallel active filter (PE) witch 
carries only a small current, but controls the accuracy and 
stability of the load current. The power converter which is 
installed at the test bench is based on a newer design of a 
power converter with active filter. As described in [2] the 
active filter is set up as a switch mode power converter. 
The main advantage is the reduction of conduction losses 
in the semiconductors of the active filter and leads to a 
more compact design of the system.  
Figure 1 shows the principle circuit diagram of the 
power converter. Because of the large power the SCRs are 
connected to the 20kV voltage level via 2 identically 
build transformers which are phase shifted by +/- 15° el 
by phase rotation of the primaries. Two smoothing reac-
tors decouple the SCRs and the active filter PE, because 
both units are voltage sources by principle. The PE is con-
nected to the 400V AC system and is designed for a 
nominal current of 100A. At the output of the PE a small 
passive LC-filter suppresses the switching frequency of 
100 kHz. Whereas the configuration described in [2] 
needs a passive filter for the SCR there is no need for 
SCR filtering in the GSI approach because of the new 
developed control strategy. 
 
Figure 1: Principle circuit diagram of power converter 
 
By avoiding a passive LC-filter for the SCR the power 
converter and a magnet as its load are a First Order Sys-
tem in terms of control theory. This simplifies the control, 
and tracking errors on the current ramp can be avoided. 
Figure 2 shows the compact power part of the PE in the 
11kA power converter.  
 
                 
Figure 2: Power part of active filter in 11kA converter  
 
   The power converter is equipped with a quench protec-
tion system to protect the magnet in case of a quench and 
to reduce heat dissipation into the cryogenic system. The 
main parts of this system are a dump resistor which can 
absorb energy of 1.1 MJ and an electronic switch (S1 in 
Figure 1). The voltage regulation of the electronic switch 
ensures that the load voltage does not exceed a value of 
800V. In 2007 this switch will be replaced by a prototype 
electronic switch with integrated redundancy in case of 
malfunctions. It is designed to protect a magnet string in 
the SIS100 synchrotron of FAIR. This kind of switch was 
developed in cooperation with TU Darmstadt. 
   The first commissioning of the power converter with 
active filter was done in summer 2005 with a resistive 
magnet and currents smaller than 1kA. The specified val-
ues for the total current deviation were fulfilled ( 4105.2 −⋅  
relative). Operation at full current was done in short cir-
cuit operation without active filter. At the end of 2006 a 
first commissioning with a superconducting magnet (L = 
2.8 mH, IN = 7000A) was done. Quenches were initiated 
in DC operation and in ramped operation, too. For those 
tests the maximum current was limited to 7.2kA. 
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Development of a Multigap-Pseudospark Switch for the PFN of the SIS100/300 
Kicker Magnet Pulse Generator 
I. Petzenhauser1, K. Frank1, B.J. Lee1 and U. Blell2   
1Friedrich-Alexander-University of Erlangen; 2GSI, Darmstadt 
 
In Erlangen multigap Pseudospark switches are under 
development to meet the requirements of the pulse form-
ing network (PFN) for the SIS100/300 kicker magnets 
which are: hold-off voltage > 70 kV, peak current of ~ 6 
kA and pulse duration of up to 6 μs. In the final phase of 
development a three-gap switch will be used. As reliable 
triggering is a key problem, different trigger methods 
were investigated to provide reliable breakdown of the 
switch acceptable delay and jitter values. A novel scheme, 
the carbon nanotube trigger system provided very good 
switching characteristics, but still suffers from very low 
lifetime (< 106) due to erosion in the ambient gas atmos-
phere (D2  ~60 Pa) in the switch. A quite different and 
already widely tested system of the so-called high-
dielectric trigger module was significantly improved by 
using thicker dielectric discs (6 mm instead of 1 mm) and 
new materials. Such a high-dielectric trigger module with 
a flat and partly metallized electrode (e.g. by a grid or “ 
metal fingers”), and a dielectric in between is shown in 
Figure 1. 
“finger” contact
“plate” contact
high-dielectric 
material
 
Figure 1: High-dielectric trigger module 
To operate the trigger an high voltage pulse (4-6 kV) is 
applied to one of the electrodes. At the triple points 
(where gas, metal and dielectric meet) a surface plasma is 
created and the emitted electrons (and photons) trigger the 
switch. The best results were achieved with a negative 
trigger pulse on the finger contacts and a 50 Ω resistance 
between the plate contact and ground. The pulse duration 
of the trigger pulse plays only a minor role, a reduction 
from 1 μs to 100 ns didn’t change the results signifi-
cantly. Actually new dielectric materials have been tested 
only under laboratory conditions, but a lifetime increase 
of at least one order of magnitude was already demon-
strated with any material degradation. In 2006 the first 
sealed-off prototype of a two-gap switch, filled with D2  
was built, shown in Figure 2. To have the later possibility   
of changing parts of the switch a modular construction 
was preferred. A commercial zirconium-based reservoir 
(SAES ST172) is used to adjust the gas pressure within 
the switch. The reservoir can reversibly store and release 
hydrogen or deuterium. Depending on the heater current 
the pressure can be varied between <0,01 Pa and >100 Pa. 
By the Paschen law the gas pressure is directly correlated 
with the hold-off voltage of the switch. D2  was used, due 
to its higher voltage hold-off capability /1/. Figure 3 
shows the results of own measurements of the hold-off 
voltages of hydrogen and deuterium in a one gap pseudo-
spark switch. A ratio between the hold-off voltages of D2 
and H2 of ~1,2 was found, which is in quite good agree-
ment with data in literature [1].  
 
 
Figure 2: Prototype of a sealed-off twogap Pseudospark 
switch 
The CF-flange at the top of the switch allows to change 
the trigger module and the gas reservoir.   
 
 
Figure 3: Paschen breakdown in H2  and D2 (single gap) 
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A long-term stable cold-cathode gauge for the special use in insulating  
vacuum systems of cryostats in superconducting accelerators 
S. Wilfert1, C. Edelmann2 
1GSI, Darmstadt, Germany; 2 Otto-von-Guericke University Magdeburg, Germany
Abstract  
 
The pressure conditions in insulation vacuum systems 
of superconducting accelerator rings or nuclear research 
plants is often controlled and monitored by cold-cathode 
gauges (hereafter CCGs). However, due to high out-
gassing rates of the super insulation material foils (MLI) 
normally used for thermal insulation, the residual gas at-
mosphere is dominated by high portions of hydrocarbons. 
If a CCG is operated in such a hydrocarbonous gas at-
mosphere, its mean useful life-time is substantially lim-
ited by a contamination of the gauge head. Consequently,  
the pressure reading of the gauge becomes erroneous and 
unreliable [1-3]. At the worst, the gauge can completely 
fail. To increase the useful operating-time of a CCG we 
developed an improved cold-cathode gauge of inverted 
magnetron-type which was specially designed for the 
long-term operation at high pressures or/and in gas at-
mospheres with high contents of hydrocarbons.  
  
Basic Concept for a CCG with low-
contamination rate 
 
In order to increase the useful life-time of a cold-
cathode gauge one has to avoid the entrance of hydrocar-
bonous gases into the measuring cell as far as possible. As 
successfully demonstrated by Haefer [4], this can be eas-
ily realized by the means of an ion baffle using a mag-
netically confined cold-cathode discharge. In such an ion 
baffle hydrocarbonous gas components will be effectively 
cracked due to polymerization reactions. Thus, it is obvi-
ous to integrate such an ion baffle into a classical cold-
cathode gauge structure.  
 
gauge housing
measuring cell (cathode 2)
cap
anode rod
ion baffle cell (cathode 1) 
toric magnet
CF35 flange
electrical feedthroughs
 
 
Figure 1: Schematic view of the inverted double-
magnetron gauge with low contamination rate 
The basic idea for a CCG with low contamination rate 
is thus a modification of the classical inverted magnetron 
structure: According to our suggestion [5], our gauge 
head has two electrically separated cathode cylinders. In 
both cells burn two independent gas discharges (cf. Figure 
1). Whereas the discharge zone positioned directly at the 
gauge entrance works only as an ion baffle and its dis-
charge current is not measured, only the second discharge 
zone located more interior is used as gauge for pressure 
measurement. This special double-plasma configuration 
has the crucial advantage that the plasma zone at the en-
trance of the gauge protects the inside one (which repre-
sents the measuring cell) against disturbing contamination 
by condensable vapors or hydrocarbons. 
 
Experiments and Results 
 
In order to demonstrate the efficiency of the improved 
vacuum sensor concept we have constructed a prototype 
and tested the gauge in a long-term test. For this reason, 
the gauge was operated continuously over a measuring 
period of 1.000 hours (6 weeks) at approximately constant 
pressures near the upper pressure measurement limit of 
the gauge. The test run has been carried out at a vacuum 
system whose residual gas atmosphere was highly con-
taminated with hydrocarbons. These vacuum conditions 
were specially suited to accelerate artificially the con-
tamination process in the gauge head. Before the long-
term operation, the gauge was calibrated under clean vac-
uum conditions. After the test-phase, the gauge was re-
calibrated in order to verify changes in the characteristic 
curves. The comparison of the gauge characteristics be-
fore and after the long-term test indicates clearly that the 
gauge characteristics could be reproduced with a rela-
tively high accuracy, the measured deviations still lay 
within in the typical range of measuring accuracy of 
CCGs. Compared to the most commercially available 
cold-cathode gauges, the improved cold-cathode gauge 
has at least a 3 times higher useful life-time [6].  
 
References 
 
[1] S. Wilfert, N. Schindler, Appl. Phys. A78 (2004), 663 
[2] N. Schindler, S. Wilfert, Appl. Phys. A78 (2004), 691 
[3] S. Wilfert, J. Vac. Soc. Jpn. 46(1) (2003), 31  
[4] R. A. Haefer, Vakuum-Technik 11 (1962), 41  
[5] Chr. Edelmann and S. Wilfert,  
Patent DE 102 43 634 A1, WO 2004/4029572 A1 
(2004) 
[6] S. Wilfert and C. Edelmann,  
Vakuum in Forschung und Praxis 18 (2006), 12-18 
FAIR-ACCELERATORS-28
73
Residual activity induced by U ions of energy 500 MeV/u in a Cu target * 
E. Mustafin1#, H. Iwase1, E. Kozlova1, D. Schardt1, A. Fertman2, A. Golubev2, R. Hinca3,  
M. Pavlovic3, I. Strasik3, N. Sobolevskiy4 
1GSI, Darmstadt, Germany; 2ITEP, Moscow, Russia; 3STU Bratislava, Slovakia; 4INR RAS, Moscow, Russia
Measurement 
Measurements of the residual activity induced by U 
ions of different energies in Cu and stainless steel targets 
have been taken at GSI Darmstadt. In this paper we pre-
sent the results of measured residual activity induced by 
U ions with E = 500 MeV/u in a Cu target and discuss 
possible “hands-on” maintenance problems in the tunnel 
of the SIS100 synchrotron of FAIR. 
The cylindrical Cu target was assembled of discs of the 
diameter of 50 mm and different thickness. The U beam 
spot was less than 11 mm in diameter. The total thickness 
of the Cu target was twice the range of the U ions, thus 
the beam stopped completely inside the target. Analyses 
of the gamma-spectra of the activated discs allowed to 
identify the radioisotope concentration in each disc and to 
plot the depth profile for each isotope. 
The following set of radioisotopes was detected in the 
discs: 
a) produced by fragmentation of the target and projec-
tile nuclei: 7Be, 22,24Na, 28Mg, 42,43K, 44m,46,47,48Sc, 48V, 
48,51Cr, 52,54Mn, 52,59Fe, 55,56,57,58,60Co, 57Ni, 62,65Zn 
b) produced by fragmentation of the projectile nuclei 
only (i.e. 238U) and their half-lives: 99Mo - 65.94 h , 103Ru 
- 39.26 d, 126I - 13.11 d , 126Sb - 12.46 d,  127Xe - 36.4 d, 
131I - 8.02 d, 131Ba – 11.5 d, 140Ba – 12.75 d, 237U – 6.75 d 
c) the daughter product of produced isotopes: 140La – 
the daughter product of 140Ba), 44Sc – the daughter prod-
uct of 44mSc. 
Typical measured depth profile for target activation is 
presented in Fig.1 on the example for 58Co isotope.  
 
Figure 1: Depth profile of the activity of 58Co. 
In this case the measured and calculated activities were 
in agreement with each other within a factor of 2. For 
some isotopes the discrepancy between the calculated and 
measured values and also the discrepancy between the 
two codes FLUKA [1] and SHIELD [2] were up to a fac-
tor of 5. 
Estimates of the residual activity in SIS100 
The knowledge of the residual activity of individual 
isotopes allowed us to estimate the radiation risk due to 
the residual activity for the “hands-on” maintenance in 
the SIS100 slow extraction area, where a 5% loss of the 
total beam intensity of 3⋅1011 s-1 U ions is expected. 
The time-evolution of the gamma-dose obtained from 
residual activities induced in a Cu target is shown in 
Fig.2. It was assumed that the beam loss was distributed 
uniformly along the beam pipe over the 30 m distance 
downstream the electrostatic extraction septum. 
 
 
Figure 2: Calculated dose rate in the slow extraction sec-
tion of SIS100 (at 1 m distance from the vacuum tube).  
The calculation is given for three machine runs. Each 
run lasts three month with one month break between the 
runs. The dose rate saturates after one year at the level of 
about 0.4 mSv/h.  This is below the 3 mSv/h access limit 
set by the German Radiation Protection Ordinance.  
One should note that for the hot beam spots and for 
higher energies of the lost beam the residual activity level 
may become much higher. 
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Monte-Carlo shielding calculations for the target area of the SuperFRS∗
G. Fehrenbacher1, E. Kozlova1, and T. Radon1
1GSI, Darmstadt, Germany
Introduction
First results of the shielding optimization for the Super-
FRS target area have been performed with the Monte-Carlo
transport code FLUKA2006.3 [1]. FLUKA is a code able
to simulate interaction and transport of hadrons, heavy ions
and electromagnetic particles from a few keV (or thermal
neutron) to cosmic ray energies in nearly all materials [2].
Shielding
Shielding calculations are done for the following sce-
nario: a graphite target is hit by a 1 GeV/u 238U beam with
an intensity of 1012 particles per second. The target is a
wheel with radius of 22.5 cm and it is subdivided into three
rings, each 16 mm wide, with thicknesses of 21.6, 32.4 and
43.2 mm, corresponding to 4, 6, 8 g/cm2 [3]. For a conser-
vative case the thickest part of the target with a thickness
of 8 g/cm2 is chosen.
Figure 1: Plot of the prompt dose rate for the Super-FRS
target area (top view, the beam height is 1.5 m).
Due to the space limitation the shielding walls should
not increase the width 5 m (see Fig. 1). In this case for
achievement outside the shielding the dose rate low then
0.5 µSv/h inside the concrete iron was introduced. Another
variant of the shielding with predominately concrete has
been calculated too.
∗Work supported by EU, EURONS contract No. 506065.
Activity
The residual dose distribution for the same shielding lay-
out is calculated. The irradiation profile assumed here is
two times 60 days of Super-FRS operation with 1 Gev/u
1012 uranium ions per second, interrupted by 120 days
without beam. The following cooling time is 4 month.
The residual dose rate for such condition is estimated
(see Fig. 2).
Figure 2: Residual dose rate distribution for the Super-FRS
target area (side view).
Conclusion
The shielding for the Super-FRS target area is opti-
mized. The desirable limit of the prompt dose rate of 0.5
µSv/h outside the shielding is accomplished. The residual
dose rate after 4 month of cooling is ever acceptable for
long term maintenance work on the working platform (see
Fig. 2).
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Accelerator Operation Report  
U. Scheeler, D. Wilms  
GSI, Darmstadt, Germany
This report describes the operation statistics of the ac-
celerator facility in the year 2006. The data has been col-
lected with the help of the program PROST [1]. 
General overview  
In 2006 four beam time periods were scheduled. The 
first beam time period started on January 11th and lasted 
until March 17th. After one week of shutdown the second 
block started on March 29th and lasted until June 5th, 
whereas SIS operation has already been stopped one week 
earlier. Within the following shutdown the upgrade of the 
SIS power connection has been performed. Operation 
started again on June 21st. The third block ended on Au-
gust 17th, followed by a shutdown of two months, used 
mainly for SIS upgrade activities. An extension of the 
UNILAC operation for 5 weeks began on September 29th. 
UNILAC, SIS and ESR operation started again on No-
vember 8th. This last beam time period lasted until De-
cember 20th. 
Table 1: Overall beam time of the accelerator facility 
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Figure 1: Accelerated isotopes for UNILAC experiments 
 
Table 1 shows total beam time and achieved target time 
for different experimental areas. In 2006 the UNILAC has 
been operated for 6480 h and the SIS for 5432 h. One has 
to mention, that the total beam time for each machine is 
higher than the operation time due to the time-sharing  
operation mode. The difference in operation time of 
UNILAC and SIS is caused by the above mentioned ex-
tended UNILAC beam time in October. Comparing to the 
6928 h of operation in 2005 this is a substantial decrease, 
particularly for SIS. Hence much less beam time was 
scheduled this year due to longer shut down periods. 
Nevertheless, the UNILAC operation time achieves the 
long-term annual level of about 6400 hours. 
Over the year 2006 26 different isotopes were acceler-
ated serving 20 low energy experiments at UNILAC and 
26 high energy experiments at SIS. As shown in figure 1, 
UNILAC experiments mainly requested light and medium 
heavy elements, whereas the synchrotron users preferred 
lead, uranium and carbon beams (figure2). 
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Figure 2: Accelerated isotopes for SIS experiments 
UNILAC Operation 
The beam time for the UNILAC experiments is summa-
rized in table 2. The efficiency of accelerator operation is 
indicated by the ratio of "hours per category" to "total 
amount of beam time" and is given as a percentage value.  
 
Table 2: Beam delivered to UNILAC experiments 
Total beam 
time 2006 
Target time 
2006  
Target time 
2005 
UNILAC  6760 h 5208 h 6132 h 
SIS  7012 h 4937 h 6315 h 
ESR   1382 h 1374 h 
(h) Percentage
Target time for exp. runs 5208 77.0% 
Beam for experiment tests 61 0.9% 
Accelerator development 171 2.5% 
Accelerator tune-up 446 6.6% 
Ion source replacement  240 3.6% 
Unscheduled down time  447 6.6% 
Retuning 66 1.0% 
Stand-by 121 1.8% 
Total beam time 6760  
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The fraction of target time in 2006 dropped to 77 %, i.e. 
shows a decrease compared to the value of 85% reached 
in 2005. More time was needed for ion source replace-
ment and machine tune up. The unscheduled down time 
doubled during the year 2006, a large fraction of this is 
caused by failures of RF-systems (163 hours) due to high 
duty cycle operation. In addition difficult operation condi-
tions of the ion sources caused 98 hours of unscheduled 
down time. The remaining unscheduled down time could 
be attributed to vacuum problems (57h), controls (38h), 
infrastructure (14h) and other failures (77 h). 
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Figure 3: Beam energies of the UNILAC experiments 
In Figure 3 the target time of the UNILAC experiments 
(without beam injected into SIS) is plotted versus beam 
energy. Beam energies in the range of 4 to 5 MeV/u were 
mainly delivered to experiments for super heavy element 
synthesis. Nuclear chemistry experiments were done at an 
energy of 7.5 MeV/u and beams of energy of 11.4 MeV/u 
were used for experiments in biology and material sci-
ence. 
 
Table 3: UNILAC beam delivered to SIS in 2006 
 
Table 3 shows the delivered beam for SIS injection. 
The beam time for injection decreased in 2006 due to the 
shorter operation time of SIS18. The main part of un-
scheduled down time (120 hours) was caused by RF-
system failures. Problems of the injectors caused 75 hours 
of interruption. 
SIS Operation 
The operation statistics for SIS is shown in table 4. 
Compared to the year 2005 the total target time consid-
erably decreased mainly due to longer shut-down periods. 
The target time for the ESR and for patient treatment re-
mained nearly constant. In accordance with UNILAC 
operation, an increase of tune-up time and unscheduled 
down time was also observed at SIS. Unscheduled down 
time added up to 278 hours, in detail: 123 hours for power 
supplies, 37 hours for vacuum systems, 31 hours infra-
structure, 14 h for controls, 13 h for RF-systems, and 60 h 
for other failures.  
Table 4: SIS operation time in 2006 
Figure 4 shows the beam time of the SIS versus beam 
energy. Besides therapy treatment and ESR operation, 
which requested beam energies in the range of 200 to 400 
MeV/u, the fragment separator was the main user of the 
synchrotron beam with beam energies above 500 MeV/u. 
Beams with highest energies were delivered to Caves B, 
Cave C and to the HADES cave for pion production. 
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Figure 4: Beam energies at SIS 
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 (h) Percentage 
Beam available for SIS injection 7165 90.3% 
Accelerator development 17 0.2% 
Ion source replacement  134 1.7% 
Accelerator tune-up 236 3.0% 
Unscheduled down time  346 4.4% 
Retuning 38 0.5% 
Total beam time 7936  
 (h) Percentage
 Beam for target area 3691 52.6% 
 Therapy 1177 16.8% 
Beam for experiment tests 69 1.0% 
 Total target time SIS 4937 70.4% 
Target time ESR 1382 19.7% 
 Accelerator development  170 2.4% 
 Accelerator tune-up 154 2.2% 
 Unscheduled down time  278 4.0% 
 Standby 92 1.3% 
 Total beam time 7012  
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UNILAC Status and Developments 
W. Barth, W. Bayer, L. Dahl, P. Gerhard, L. Groening, S. Yaramishev, GSI, Darmstadt, Germany 
Status of Operation 
In 2006 mainly a carbon beam from the Electron Cyclo-
tron Resonance (ECR) ion source was accelerated via the 
high charge state injector (HLI) in the UNILAC for the 
SIS-injection as in the years before [1]. Additionally sev-
eral UNILAC experiments used the beam with a duty 
factor of up to 30 %. Furthermore the ECR source was in 
operation for the production of various isotopes (7Li, 
26Mg, 30Si, 48Ca, 50Ti, 54Cr, 114Sn, 136Xe) as well. Mainly 
experiments for the Super Heavy Element synthesis 
(SHE) and the nuclear chemistry including the newly es-
tablished UNILAC-experiment behind the separator 
TASCA (Trans Actinide Separator and Chemistry Appa-
ratus) requested beam time for the Experimental hall. In 
addition, ion beams from the ECR were injected into the 
SIS (FRS, tests "safety and radiation protection", ESR-
experiments). The Penning (PIG) ion source provided Ca, 
Ti, Al, Ar, Cr, Ni, Sn beams with medium intensity, espe-
cially while the ECR was used for the irradiation of pa-
tients. For heavy ions (197Au, 208Pb, 238U) beams from the 
PIG source were accelerated via HSI in the UNILAC with 
short pulses mostly for the injection into the SIS 18. Ad-
ditionally, 238U and 208Pb beams were delivered for mate-
rial research experiments in the experimental hall. The 
MUlti Cusp Ion Source (MUCIS) provided high current 
beams for different high energy experiments with high 
intensities (H2, 14N, 18O, 40Ar, 84Kr, 136Xe). The Metal 
Vapour Vacuum Arc (MEVVA) ion source delivered 
24Mg, 58Ni and 107Ag for SIS-injection. As in the year 
before due to serious problems with the delivery of ura-
nium cathodes no high current uranium beam operation 
was performed. Alternatively, 181Ta was in use to deliver 
the SIS-machine experiments with a high intensity heavy 
ion beam. In general the UNILAC operated with high 
reliability even in June/July when “three beam-operation” 
was accomplished during the treatment of patients. [1], 
[2] 
Machine Experiments 
For high current beam tests at the UNILAC mainly an 
argon beam from the MUCIS was delivered to the High 
Current Injector – more than 10 emA of Ar10+ (corre-
sponding to 21 emA of 238U28+ in terms of space charge) 
were injected into the Alvarez-DTL. The HIPPI (High 
Intensity Pulsed Proton Injector, CARE, contract number 
RII3-CT-2003-506395)-experiments were prepared in 
March and accomplished in June and Novem-
ber/December 2006. [3] 
Machine experiments with a low current Pb4+ beam 
(below 1 mA) were performed in March. The HSI-beam 
transmission was optimized manually and reached the 
100%-level. This was mainly obtained by tuning the 
LEBT-elements and with a changed RFQ rf phase of 
17 degree; the rf phases of the Superlense and both IH 
tanks were not changed. 
The measured (low intensity-) beam emittance is signifi-
cantly small. However the transmission with calculated 
quadrupole gradients was much lower. This can be ex-
plained by a simplified treatment of beam line elements 
(TRACE-3D code) as well as by the inadequate imput 
distribution. 
The new gas stripper-box 
 
Fig. 1: New gas stripper box. 
With a reduction of the available apertures in the old 
stripper box, it was possible to increase the stripper gas 
density by 50 %. For medium intense uranium beams this 
leads to the expected gain for the desired charge state 28+ 
(up to 12.8 % of the total particle number). The desired 
equilibrium charge state distribution was reached for a 
70 % higher gas density. During long term operation the 
pumping speed of the old vacuum pumps was not suffi-
cient to compensate this gas load. For high current opera-
tion, as required for FAIR, the defocusing effect of the 
space charge forces leads to particle loss in the transport 
section after the stripping area [4]. In the new gas stripper 
box (as shown in Fig. 1) the high stripper gas density for 
the necessarily enlarged apertures is provided by en-
hanced vacuum pumping speed. 
References 
[1] U. Scheeler and D. Wilms, Accelerator Operation 
Report, (this report) 
[2] W. Barth, et. al., UNILAC Status and Development, 
scientific report 2004, p. 307-308 
[3] W. Bayer, et. al., Preparation Status of the HIPPI 
Experiments, (this report) 
[4] W. Barth, et. Al., Development of the UNILAC to-
wards a Megawatt Beam Injector, LINAC2004, 
Lübeck, Germany, p. 246-250 (2004) 
GSI-ACCELERATORS-02
79
SIS18 Status Report  
P. Spiller, U. Blell, O. Boine-Frankenheim,  H. Eickhoff, P. Forck, G.. Franchetti, B. Franczak,       
H. Klingbeil, C. Omet, H. Reich, H. Ramakers, A. Redelbach, U. Scheeler, P. Schütt 
 
Ion Beam Intensities 
The intensity of accelerated beams, especially of low-Z 
ions could be increased significantly and the space charge 
limit has almost been reached. Figure 1 shows the maxi-
mum number of particles per machine cycle.  In the in-
termediate and high-Z range, multi-multi-turn injection is 
often used to enhance the intensity if the primary intensi-
ties are to low. This is typically the case if a Penning 
source must be used, or operation with a rare isotope is 
requested. If the MEVVA source can be used, e.g. for 
production of Ta or U ion beams, the shown intensities 
can be reached within a single multi turn injection. 
 
Figure 1: Maximum accelerated number of ions per cycle. 
 
Beam Dynamics 
The measurement campaign dedicated to resonance and 
impedance effects has been enhanced. The planned high 
current operation for FAIR is prepared by transverse BTF 
measurements. The experimental results were compared 
with theoretical expressions, and the betatron tune, chro-
maticity and the momentum spread have been determined 
and the origin and type of Landau damping was identi-
fied. The enhanced beam losses in connection with syn-
chrotron motion, including space charge tune shift and 
resonances was a matter of extensive machine studies. 
This loss mechanism is of major importance for the 
SIS100 stacking process. 
 
Operation with fast magnet ramps 
The new GSI power grid connection has been completed 
in June. The new link to a local power station, which is 
exclusively used by GSI, enables a fast ramping of the 
SIS-18 magnets. In order to investigate undesirable (and 
unexpected) perturbations in the surrounding power grid, 
test runs with high power cycles have been performed. No 
significant influence in the external power grid was ob-
served. However, in the internal 20 kV pulse power grid 
voltage oscillations were observed which lead to minor 
problems with the power supply of correction elements. 
Loss free beam acceleration could be demonstrated up to 
4.5 T/s. For higher ramp rates, the total installed Rf accel-
eration voltage is insufficient. 
 
Dynamic Vacuum and Ionization Beam Loss 
The influence of the ramp rate on ionization beam loss at 
operation with intermediate charge state heavy ions has 
been investigated. The cross section for ionization de-
creases with energy such that it was expected, that the 
total beam loss can be reduced by faster machine cycles. 
Figure 2 shows the fractional loss of U28+ beams for dif-
ferent mechanisms as a function of the ramp rate. It could 
be proven that the amount of ionization beam loss, which 
is the most severe loss mechanism for the FAIR project, 
decreases with the ramp rate. 
 
Figure 2: Fractional beam loss for different mechanisms 
as a function of the ramp rate. 
 
SIS18 upgrade  
In the first shut down dedicated to the SIS18 upgrade 
program, a first vacuum sector has been equipped with 
new, NEG coated magnet chambers. Furthermore a new 
high current DC transformer for the measurements of 
beam currents up to 5 A was installed and successfully 
commissioned. In parallel, the design, technical planning 
and prototyping for the planned upgrade measures for the 
next years have been continued. The design for the new 
inflector magnet, the electrostatic septum and the collima-
tor prototypes was finished and procurement has started. 
The production of the new set of quadrupole chambers at 
the  Budker Institute is being prepared. For the new h=2 
MA acceleration cavities a technical design proposals was 
finished and an offer for production from an industrial 
manufacturers has been obtained. 
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In the framework of the SIS18 upgrade several measure-
ment campaigns on the closed orbit (CO) and its correction
were carried out in February-May 2006. The CO correc-
tion is important for machine operation: the better the CO
is corrected, the fewer beam loss occurs during operation
due to increase of the machine’s acceptance. CO errors
are also relevant for feed down effects of multipoles, which
may excite dangerous resonances [1]. In the SIS18 24 ana-
log beam position monitors (BPMs), 12 in each plane, are
used for the CO diagnostics [2]. For the CO control and
correction 6 horizontal and 12 vertical steerers are avail-
able. The CO was monitored with the POSI program [3].
The horizontal and vertical CO was corrected using a three-
steerer local bump method [4]. Taking any three steering
magnets with corresponding bump angles (θ1, θ2, θ3) the
condition of the local bump leaves unchanged the orbit at
steerers 1 and 3 so that the CO outside of the steerer region
1-3 remains unchanged. This requirement sets a constraint
between the angles (θ1, θ2, θ3) according to
θ2 = −θ1
√
β1
β2
sinψ31
sinψ32
θ3 = θ1
√
β1
β3
sinψ21
sinψ32
(1)
where θ1 is an arbitrary angle, βi is the β-function at the
i th steering magnet, ψij = ψi − ψj is the phase advance
from the i th to the j th steering dipole. It is not necessary
that all three steerers are located in neighbouring periods.
Due to the SIS18 symmetry in location of steerers in every
period, the bump angles are dependent only on the phase
advance between the steering dipoles, which could be writ-
ten as ψij = (j − i)Δψ, where Δψ = 2πQ/N , N = 12 is
the number of periods, and Q is the horizontal/vertical tune.
For three neighbouring steerers symmetrically located, the
local bump condition (1) becomes
θ2 = −2θ1 cosΔψ
θ3 = θ1
(2)
where θ1 is an arbitrary angle. Therefore for applying Eq. 2
no optical functions are needed: only the phase advance
between steering dipoles Δψ. The method used is the fol-
lowing: the uncorrected CO shift x0 in one BPM located
between steerers 1 and 3 is measured with the POSI. By
varying θ1 and applying (θ1, θ2, θ3) obtained from Eq. 2
we estimate ∂x0/∂θ1. As the dynamics is linear, the CO at
the BPM location is related to θ1 via
x = x0 + ∂x0∂θ1 θ1 (3)
By requiring x = 0 we correct the CO and find θ1 =
−x0/(∂x0/∂θ1). Using this value in Eq. 2 we perform
the correction. By repeating this procedure to all steerers
in groups of three the CO was consequently corrected at
all positions in each plane. In Fig. 1a is shown the un-
corrected horizontal and vertical CO at injection energy
11.4 Mev/u, for Qx = 4.17, Qy = 3.35. In Fig. 1b the
CO after the correction is presented. The vertical CO was
brought to a straight line with nearly zero mm displace-
ment. The horizontal correction was performed not as ac-
curate as the vertical one because of the lack of steerers
(only 6 in this plane). The CO was also corrected for
the extraction energy. It was also checked that the cor-
rection setting found keeps the CO corrected over a wide
range of energies [100;1000] Mev/u. We have also checked
the robustness of the correction by changing the tune from
(4.29, 3.29) to (4.17, 3.35), the present high intensity work-
ing point, and kept the correction steerers unchanged. We
found no relevant CO changes. Tests performed with opti-
mized multiturn injection have shown that when the CO is
corrected the beam intensity increased at least by a factor
of 2 as a result of an obtained larger machine acceptance.
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Figure 1: The horizontal and vertical CO at injection en-
ergy a) before correction; b) after the correction.
In December 2006 the implementation of the CO correc-
tion using a three-bump local orbit distortion method was
implemented in SIS18 [5].
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1 ESR Operation and Main Experiments
The ESR storage ring was operated for experiments in vari-
ous modes, which had been developed in previous years and
which were mainly tuned according to the requirements of the
different experiments. The standard storage mode in combina-
tion with cooling covered a range of beam energies from 59 to
400 MeV/u. For the experiment probing time dilation a 7Li1+
beam at 59 MeV/u was stored and cooled with the electron cool-
ing system. In the internal target straight section the Li-beam
was merged with co- and counter-propagating laser beams. The
overlap of the laser and ion beam was adjusted by means of me-
chanical scrapers. The number of ions in the metastable state,
however, was still too low to permit the high precision measure-
ment of the beam velocity required for this experiment. The
same techniques of beam overlap control and fluorescence light
detection were applied in laser cooling experiments with 12C3+
at 123 MeV/u. In this experiment electron cooling was used
as pre-cooling for the laser cooling. Systematic measurements
should provide a better understanding of laser cooling at rela-
tivistic beam energies.
The highest beam energies were used for experiments with
rare isotope beams from the fragment separator FRS. At
400 MeV/u the combination of stochastic pre-cooling and fi-
nal electron cooling results in shortest total cooling time and
optimum final beam quality.
Stored beams at the injection energy were also used for ex-
periments at the internal target. The FOCAL experimental set-
up installed at the internal target was commissioned with an
electron cooled beam of bare lead ions at 219 MeV/u which
collided with krypton atoms in the gas jet.
The lithium-like 114Sn47+ ion at an energy of 300 MeV/u
was used to study electron emission from the internal target op-
erated with hydrogen. The electrons where analyzed after a
magnetic separator dipole which is installed about 3 m down-
stream the interaction point. As the magnetic deflection field
for electrons of the same velocity as the ion beam is rather low,
the closed orbit distortion of the ion beam caused by the spec-
trometer dipole could be compensated by horizontal correction
magnets.
Experiments at the ESR also used the deceleration mode.
Bare uranium ions were injected at 324 MeV/u and deceler-
ated to 15 MeV/u for recombination experiments at the electron
cooler. Electron cooling at an intermediate energy of 30 MeV/u
was applied to reduce the emittance for best efficiency of de-
celeration. X-ray detectors installed close to the toroids at the
entrance and exit of the cooler section were used as detectors
for high resolution spectroscopy of recombination radiation.
The experiments employing the isochronous mode for mass
measurements of short-lived unstable nuclei were continued.
An optimized injection scheme was used which injects the
beam onto a central orbit to avoid field errors far from the cen-
tral orbit. The necessary displacement of the orbit at the in-
jection kicker, which is located at an outer radial position, was
achieved by a local orbit bump.
2 ESR Modifications and Machine Development
In the the internal target straight section additional glass win-
dows were installed for detection of fluorescence light after ex-
citation of ions by a laser beam. During a shutdown in October
the scattering chamber of the internal target was replaced by a
new one. This reaction miscroscope chamber is designed for the
installation of position sensitive detectors for slow recoil ions
and electrons created in collisions between the fast projectiles
and the target atoms. A set of Helmholtz coils was installed
which generate a homogeneous magnetic field parallel to the
beam to guide the emitted electrons to the detector.
μ
μ
Figure 1: Count rate of ionized beam particle downstream the
internal gas target as a function of the horizontal beam position.
A Gaussian fit agreed with a FWHM target diameter of 5 mm.
The internal target was equipped and tested with a 50 µm
diameter nozzle. As the gas flow is mainly determined by the
skimmer geometry, which is unchanged, the same gas jet diam-
eter of 5 mm at the interaction point was observed as previously
with a 100 µm nozzle (Fig. 1). The smaller nozzle allows a re-
duction of the gas consumption and gas load to the ultra high
vacuum system, particularly favorable when operated with no-
ble gases. For operation with hydrogen gas the input pressure
can be increased resulting in an increased target thickness.
Machine experiments studying the effect of the internal tar-
get and the electron cooling system on the stored beam were
continued. More data on the equilibrium between target and
cooling and on the influence of the target on a beam without
cooling were collected and compared to the results of simula-
tion codes [1].
In preparation of experiments studying the accumulation of
heavy ion beams by a combination of barrier buckets and elec-
tron cooling, one of the two identical rf cavities was modified
for broadband operation. Experiments to study longitudinal ac-
cumulation schemes are scheduled for the beginning of 2007.
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Nuclear physics and fundamental interaction studies in 
collisions of rare isotope or antiproton beams with dense 
targets play a central role in the NESR and HESR storage 
rings of the future FAIR facility [1]. For instance, high 
luminosities are expected in experiments with a hydrogen 
pellet target in the HESR. Therefore, it is important not 
only to understand but also to predict the influence of a 
dense target on the stored beam and to investigate the 
interplay between phase space cooling, intrabeam 
scattering (IBS) and target effects. Some experiments 
with gas targets in light ion storage rings were carried out 
earlier [2]. Measurements of equilibrium horizontal 
emittance εx  and momentum spread  Δp/p were performed 
before at the ESR [3].  
    The new experiments were carried out with a stored 
coasting beam of bare lead ions (Pb82+) with an intensity 
of about 108 particles and a kinetic energy of 400 MeV/u. 
The ESR electron cooler was used to reduce the phase 
space density of the injected beam, to provide a high 
quality, dense stored beam and to compensate heating by 
the target. Four target gases (N2, Ar, Kr, Xe) were used in 
the gas-jet, with densities in the range 2.5−8×1012 
atoms/cm2 (gas-jet diameter ≈ 5 mm).  
59.38 59.40 59.42 59.44 59.46 59.48
0.1
1
10
noise pow
er [arb. units]
frequency [MHz]
Pb82+   400 MeV/u
N
i
=1.54x108
Kr  target (5x1012 cm-2)
117
0
tim
e [
s]
 
     Figure 1:  Schottky spectra recorded every 9 s during 
the blow-up measurement with the electron cooler off. 
Target is on for t ≥ 30 s. 
 
The study was focused on two main procedures.  For 
both procedures, the corresponding measurements 
without target were performed, thus allowing to identify 
and evaluate target effects. First, in the blow-up 
measurements the energy loss and the phase space growth 
of the beam due to the target have been measured as a 
function of time within a time interval of 2 min. Initially, 
the beam was cooled down to equilibrium state. At t=0 the 
electron cooler was switched off. Then, after about 30 
seconds delay to allow for the relaxation of the beam 
phase space due to IBS, the Kr gas-jet target was switched 
on. The evolution within approximately 120 s of the 
longitudinal Schottky noise power spectrum for the 30th 
harmonic of the revolution frequency was recorded. A 
typical measurement is shown in Fig. 1 with a time step 
of 9 s. After the target was switched on   (t ≥ 30 s), the 
position of the peak shifted to lower frequencies i.e. to 
lower energy due to energy loss and the width of the 
distribution increased due to energy straggling.  
In another series of measurements at a fixed ion beam 
intensity of 1.58×108 particles, the beam parameters at the 
equilibrium between electron cooling, IBS and the target 
effects were measured for various electron currents in the 
cooler in the range 10 − 800 mA.  These data in 
comparison with BETACOOL [4] simulations are shown 
in Fig.2. The non-magnetised model (NM) and 
Parkhomchuk model were used for the evaluation of 
cooling effects. The NM is in better agreement with 
experiment because it reproduces the measured 
dependence of emittance and momentum spread on 
electron current for the case without target and predicts 
the equilibrium states when the target is on [5]. 
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Figure 2: Equilibrium horizontal emittance and 
momentum spread (r.m.s. values) versus electron current  
of the cooler for Xe target (2.5×1012 atoms/cm2).  
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Ion Source Development and Operation
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ECR Ion Source (ECRIS)
Regular operation at the High Charge State Injector
(HLI) was performed for 7Li1+ (6 d), 12C2+ (97 d),
22Ne3+ (8 d), 25Mg4+ (12 d), 30Si6+ (26 d), 48Ca7+ (27
d), 54Cr7+ (23 d), 54Cr8+ (2 d), 114Sn16+ (7 d), 136Xe18+
(4 d). 136Xe19+ (7 d). and 136Xe21+ (3 d).
After the successful test to evaporate natural SiO from
the ECR standard oven (STO) for the production of a
28Si5+ beam, a beam of 30Si6+ could be provided from
the ECRIS at the HLI for an experiment on super heavy
elements (SHE). Highly enriched 30SiO has been used to
provide a beam of high stability and intensity for nearly
4 weeks (see Fig. 1). The average material consumption of
1.7mg/h was considerably low leading to a good efﬁciency.
Figure 1: Charge state spectrum of the analyzed ion beam
(30Si +O+He); full scale = 100μA
Highly enriched metallic 114Sn has been used for the ﬁrst
time to provide a beam of 114Sn16+ at medium intensity
level. After 26Mg5+ had been provided several times in the
past years, in 2006 a 25Mg4+ beam has been requested for
experiments on nuclear chemistry. Again highly enriched
metallic material of 25Mg has been used for evaporation
from the STO at low temperature level. The ECRIS has
been optimized for high beam intensities to fulﬁll the ex-
perimental requirements. Fig. 2 shows a charge state spec-
trum of the analyzed beam which is already optimized on
25Mg4+ and 25Mg5+, respectively. The particle intensity
of the charge states 4+ and 5+ is in the same range (40μA).
A special request was made by an experiment perform-
ing laser spectroscopy at the ESR, which intends to use
He–like 7Li1+ in the long-lived metastable ions 3S1–state
as ion beam. As the plasma of an ECRIS with its electron
energy distribution ranging up to 100 keV and more con-
tains some amount of such metastable ions, a fraction of
those can be found in the extracted ion beam [1]. There-
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Figure 2: Charge state spectrum of the analyzed ion beam
(25Mg+He); full scale = 200μA
fore a test experiment has been performed to determine the
amount of metastable 7Li1+–ions in the ion beam in the
ESR, while the ECRIS was operated with LiF as it had
been done previously. In contradiction to the assumption
the fraction of metastables was too small for the dedicated
experiment. In order to change the plasma conditions in
the ECRIS Li2CO3 has been used instead of LiF as evapo-
ration source for a second test run. However, the fraction of
metastable ions in the ESR again was not sufﬁcient for the
experimental requirements. Further investigations to deter-
mine the fraction of metastables directly after the mass to
charge analysis of the extracted ion beam are planned.
Penning Ion Source (PIG)
Regular operation was performed for: 12C1+ (8 d),
40Ar1+ (24 d), 40Ca3+ (5 d), 50Cr2+ (6 d), 52Cr2+ (17 d),
58Ni3+ (7 d), 116Sn5+ (4 d), 132Xe6+ (15 d), 208Pb3+ (35
d), 238U4+(66 d).
As alternative for the ECR ion source for the above men-
tioned Li-experiment the PIG ion source has been chosen.
The amount of metastables ions is still to be measured. Ma-
terial for the required sputter electrodes has been ordered to
perform ion source tests in the nearest future.
High Current Ion Sources (MEVVA/MUCIS)
Regular operation was performed for: 1H1+3 (18 d),
14N1+2 (11 d),
18O1+2 (13 d),
24Mg1+ (9 d), 40Ar1+ (26
d), 58Ni2+ (6 d), 86Kr2+ (19 d), 107Ag2+ (10 d), 132Xe3+
(10 d), 136Xe3+ (19 d), 181Ta3+ (3 d).
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For both projects, the UNILAC upgrade program for
high current uranium ion beams, and the 70mA, 70MeV
proton beam injector for FAIR, speciﬁc features of a new
compact LEBT have been studied.
At the High Current Test Bench ﬁrst measurements of
the ion beam quality behind a solenoid were performed us-
ing a pepper pot device to measure different 2D phase space
projections and using a viewing target to measure the real
space proﬁle.
A CHORDIS with the regularly used 13-hole extraction
system, delivering a 60mA helium beam at 25 kV, was used
in front of a 2-solenoid transport system. A ring structure
of the ion beam can be observed on the target when the fo-
cus of the ion beam is behind the viewing target, see Fig. 3,
left. This ring structure, created by each single beamlet,
was already predicted by 2D-simulation with AXCEL; the
corresponding abberations are generated within the extrac-
tion system.
Figure 3: Viewing target behind the solenoid. Left: focus
is behind the plate. Right: focus is on the plate.
With the focus directly is on the viewing plate, the exact
structure of the 13-hole extraction system was projected in
a very brilliant way, shown in Fig. 3, right.
This is a strong hint that solenoids can be used for beam
transport even when the ﬁlling degree is very high.
To achieve a sharp image of the extraction system a cor-
rect focal strength has to be applied. As a result this is not
a free parameter for the following beam transport system
any more.
Ongoing simulations with KOBRA3 could reproduce
these experimental results with the assumption of full space
charge compensation within the 10ms pulse of the ion
beam.
High current test injector (HOSTI)
For commissioning measurements of both RFQs, for the
therapy accelerator facilities at HIT in Heidelberg, and at
CNAO in Pavia, Italy, respectively, the HOSTI has been
temporarily modiﬁed to host the RFQs. During the ex-
change of both RFQs the location of the ion source has
been changed to the inside of the Faraday cage. The re-
quired proton beam intensity has been provided by a MU-
CIS during all the time without any problem, beside the
necessary ﬁlament replacement. Beam diagnostics and
data acquisition were commissioned in parallel.
Uranium Material for all Ion Sources
The supply of uranium cathodes (all ion sources use
metallic uranium, depleted to ≤ 0.3% U235) turned out to
be a problem in the past years because of the material prop-
erties. Sintered material turned out not to be appropriate,
metallic material of the required purity was not available.
Because of its sensitivity to the atmosphere, the material
becomes brittle during operation. Fortunately, a manufac-
turer was found who is capable of producing uranium cath-
odes, which are successfully tested in PIG and MEVVA
ion source operation. These cathodes have been tested in
October 2006. The PIG ion source performance with the-
ses cathodes is just as good as with the former electrodes.
A 7 days test run with the MEVVA ion source has shown
promising results. The fraction of U4+ was about 60%
compared to 67% which have been reached until 2003. An
ion beam current of nearly 10mA of U4+ was achieved in
regular operation and a maximum current of 15mA could
be measured in the current transformer UL5DT8 (instead of
the former 18mA in regular operation with a maximum of
25mA). The pulse-to-pulse stability and the long term sta-
bility were satisfactory during the test run while the long-
term behavior and the life time of the ion source still must
be investigated in a future test beam time.
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Figure 4: Simulated ring structure of the ion beam behind
a solenoid.
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Status of the 28 GHz Superconducting ECR Ion Source Project
ISIBHI–MSECRIS∗
K. Tinschert, GSI, Darmstadt for the ISIBHI collaboration [1]
During the reporting period the work on the project was
characterized by design, construction and starting procure-
ment of the main components of the MS-ECRIS (Multi-
Purpose Superconducting ECR Ion Source) and its ancil-
lary equipment.
Superconducting Magnets and Cryostat
In the design review with ACCEL Instruments [2], who
will deliver the magnet system and the cryostat, its fi-
nal parameters and design were fixed. The warm bore
has an inner diameter of 202 mm. The 3 solenoid coils
generating the mirror field will provide field maxima of
4.5 T at the injection, 3.2 T at the extraction, with a min-
imum axial field variable between 0.3 and 0.9 T. The maxi-
mum radial field is expected to be above 2.7 T. The ribbon-
linked wire of the hexapole coils consists of 5 NbTi wires
(1.20 mm×0.75 mm) The solenoid coils are made from sin-
gle cylindrical wires (0.80 mm diameter). A sophisticated
winding technique will avoid excessive magnetic fields and
forces in the conductor. Particularly at the coil heads a
cos(3Θ)-shape solution was adopted to minimize the field
inside the conductor. A total cooling capacity of 3.0 W is
provided by 2 cryocoolers. The quench detection system
(QDS) will switch off the magnets in case of quench, with-
out any damage to the magnets. Fig.1 shows the layout of
the magnet system in the cryostat assembled with neigh-
boring components. More details are described in [3].
Figure 1: Schematic view of the MS-ECRIS with the cryo-
stat on its support. Length of the cryostat: 1300 mm
∗Work supported by EU, EURONS contract No. 506065.
RF system and mechanical design
The 28 GHz gyrotron generator is presently under refur-
bishment and will be equipped with a new main power sup-
ply. According to numerical calculations the optimum lo-
cation of the waveguide in the injection flange has been
defined. Further feedthroughs for biased disk, 14-18 GHz
rectangular waveguide, evaporator ovens, water cooling
and plasma diagnostics are incorporated in the injection
flange.
The design of the plasma chamber (length: 1150 mm, in-
ner diameter: 180 mm) is adapted to the requirements of RF
power dissipation, of X-ray shielding and of electrical in-
sulation. The extraction system consists of the plasma elec-
trode, fixed in the plasma chamber, and of a movable sys-
tem of screening and ground electrode. An efficient water
cooling is applied to the plasma chamber and to the extrac-
tion system to handle the high dissipated power.
Experimental Setup
The preparation of the test stand has been started. The
support for cryostat, injection box and extraction box is un-
der construction. It will enable a longitudinal movement of
the source along the axis for 1.2 m via a rail system.
To investigate the anisotropic beam profile and emit-
tance, pepperpot devices will be used instead of slit-grid
devices. Besides simple pepperpot devices already in use
at the ECR injector setup at different positions along the
beamline another versatile emittance meter also based on
the pepperpot principle is under construction.
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Beam Proﬁle Analysis at the ECR Injector Setup (EIS)
P. Spa¨dtke1, L. Celona2, W.Kaufmann1, R. Lang1, J.Ma¨der1, J. Roßbach1, J. Stetson3, and
K. Tinschert1
1GSIDarmstadt Germany; 2INFNCatania Italy; 3MSUEast LansingUSA
To improve the beam transport from the source to the
ﬁrst accelerating structure, especially with respect to the
planned upgrade of the HLI with a 28GHz MS-ECRIS,
measurements at the test bench were made. The EIS test
bench is an exact copy of the ﬁrst part of the existing injec-
tion beam line, established in 1989, and improved in 2001
by adding a solenoid behind the extraction system to in-
crease the beam line acceptance, and to allow the matching
of the extracted beam with different divergence angles to
the following beam line. Due to the symmetry conditions
of the plasma conﬁnement (magnetic mirror with hexap-
olar cusp ﬁeld) a contribution to the beam emittance can
be expected. In the present setup no elements are avail-
able for observation or correction of this effect. We in-
stalled viewing plates instead of grid proﬁle monitor into
the beam line at three different places: directly behind ex-
traction, between solenoid and quadrupole singlet, and at
the focal point of the dipole magnet. The BaF coated tar-
gets are placed at an angle of 45o with respect to the beam
axis into the beam line. The front side of the target is ob-
served with a CCD-camera through a vacuum window.
Measurements
The ﬁrst target can be used to check the inﬂuence of
source parameters on the beam quality. The traces of the
extracted beam seems to be triangular and hollow. The
heaviest masses do have the largest diameter, whereas
lighter particles are already over-focused within the extrac-
tion system.
Ramping the magnetic solenoid directly behind the ion
source focuses each single mass-to-charge ratio individu-
ally on the second viewing target. From these measure-
ments the beam diameter for different focusing strengths
as shown in Fig. 1 can be estimated, see Fig. 2. The strong
inﬂuence of the hexapole becomes evident. If its inﬂuence
could be corrected at this stage the beam transport could be
improved substantially.
Figure 1: Beam proﬁle of a 1mA, 15 keV He+ beam on the
viewing target behind the solenoid with increasing focusing
strength of the solenoid from left to right.
The ion beam can be used as probe to investigate the ion
source properties. Starting from a typical working point
of the CAPRICE ion source, the magnetic ﬂux density of
both mirror coils, the gas pressure, the rf-power, and the
extraction gap width has been changed individually while
the beam response on the viewing target has been recorded.
One should keep in mind, that most of these parameters
also inﬂuence the plasma generation and cannot be consid-
ered as free parameter.
There are also hints that depending on the frequency dif-
ferent rf-modes will heat the electrons differently. First re-
sults indicate that the intensity distribution within the beam
can be inﬂuenced by tuning the frequency in a very narrow
range of ±40MHz at 14.5GHz.
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Figure 2: Left: beam diameter as function from focusing
strength with and without the contribution of the hexapole.
Right: simulated beam (Ar3+) in a real space projection di-
rectly behind extraction, showing the good agreement be-
tween simulation and experiment.
Simulation
For the simulation of the extraction of an ion beam from
an ECRIS a correct model has to be used. The movement
of ions can be assumed to be collision free because the ion
Lamor radius becomes small, which is different from the
model used so far. Electrons within the plasma chamber
are assumed to have a radial location according to their en-
ergy. Ions can be created at these locations according to
the electron distribution, different charge state distributions
and neutrals distribution, and their speciﬁc cross section
for generation. In addition to the requirement for the pro-
duction of ions the mirror condition of the magnetic con-
ﬁnement has to allow extraction. An example of such a
simulation is shown in Fig. 2. The phase space coordinates
generated by this simulation with KOBRA3 can be traced
through the full beam line for the actual optical setting to
design possible hexapole correction schemes, or to proof
the degree of space charge compensation.
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The HITRAP RF System 
W. Vinzenz, G. Eichler, W. Hartmann, W. Hartmann(Mz), M. Hörr, J. Mohr, M. Pilz, A. Pitzen,      
G. Rudolph, R. Scholz and A. Windolf 
GSI, Darmstadt, Germany
Introduction 
This report describes the RF supply for the HITRAP 
facility, used for deceleration of heavy highly-charged 
ions from 4MeV/u to 6 keV/u. At least one IH, one RFQ 
and three bunching cavities, located in the former reinjec-
tion channel from ESR to SIS18, have to be supplied with 
RF power up to 200 kW peak at 108 and 216 MHz. [1] 
Technical realization 
After some modifications, two of the 200 kW tube am-
plifiers, no longer used at the UNILAC, will provide suf-
ficient pulse power for the IH (approx. 180 kW) and the 
RFQ (approx. 80 kW). The maximum deliverable pulse 
length is 1.5 ms at a repetition rate of 1s (duty cycle ~ 
0.15%). These amplifiers are sharing the needed power 
supplies for two tube sections (driver and final stage) 
each. Because of the very low duty factor one 'single line' 
supply unit is powerful enough to operate in a partitioned 
mode. 
The 200 kW tube amplifiers (already serviced, one 
tested up to 190 kW and the second still at the test bench) 
will be moved to the HITRAP platform end of March 
2007. 
Further a so called Double-Drift-Buncher (DDB) lo-
cated in front of the IH and a Rebuncher structure in be-
tween the IH and RFQ have to be supplied with 2 kW 
peak at 108 MHz. One 2 f -Buncher in between DDB and 
IH is supplied with 2 kW peak at 216 MHz. In order to 
feed these three Bunchers, two 2 kW solid-state amplifi-
ers at 108 MHz and one similar in design at 216 MHz 
were specified and purchased after a call for tender. 
As the frequency of 216 MHz has previously not been 
used at GSI some equipment had to be developed or re-
designed. A frequency doubler 108 / 216 MHz and the 
appropriate LLRF amplification and distribution were 
made by the GSI LINAC RF group. In case of the LLRF 
controls we decided to stay at the same design like the 
108 MHz equipment. The required modifications at the 
LLRF function blocks were made by IBT Darmstadt. A 
lot of additional control electronic equipment as well as 
Simatic S7 PLC controls incl. software and touch screen 
operation were developed and put in operation by RF 
group members. All these devices are plugged in a sepa-
rate test bench for functional tests at the moment. The 
racks for all the LLRF and the 2 kW amplifiers (1) are 
already installed on the HITRAP platform. Also the RF 
cabling for power and tank probe signals is done whereas 
the connectors will be mounted after placing the cavities. 
New electronics for the cavity tuning systems (HICAT 
type) are ordered and will be delivered in February 2007. 
The connection to the GSI control system will be made 
by a redesigned Interface unit used at the UNILAC. Due 
to the long beam pulse breaks (up to some seconds) a free 
running timing generator creates the needed warm-up-
pulses for the RF amplifiers. This function will be 
switched off synchronized by the ESR timing if bunches 
are ready to be decelerated by HITRAP. 
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Figure 1: 2 kW Amplifier rack 
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Results of HIPPI Machine Experiments
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GSI Darmstadt
Introduction
At GSI heavy ion beams are accelerated by the UNIver-
sal Linear ACcelerator UNILAC and the heavy ion syn-
chrotron SIS 18. The UNILAC was originally designed
for low current operation. To ﬁll SIS 18 up to the space
charge limit the high current injector HSI was mounted in
1999 and upgraded in 2004 [1, 2]. Presently the highest
achieved number of 238U28+ ions at SIS injection amounts
to 1 · 1011 per 100μs (4.5 emA). For the future acceler-
ator complex of FAIR the UNILAC has to deliver up to
3.3 · 1011 particles of 238U28+ per 100μs (15 emA) to
SIS 18 with normalised transverse emittances of βγ x =
0.8mmmrad and βγ y = 2.5mmmrad [2]. As the Al-
varez quadrupoles do not provide for adequate phase ad-
vances σ0 for highly space charge dominated beams, it can
be assumed, based on calculations with the multiparticle
simulation code PARMILA, that just about 1.9 · 1011 parti-
cles of 238U28+ per 100μs (8.4 emA) are contained within
these emittances. In order to meet the FAIR requirements a
dedicated upgrade of the UNILAC is essential [3], one aim
is to improve the high current beam brilliance by increasing
σ0 of the Alvarez DTL.
Within the beam dynamics work package of the Europe-
an JRA ”High Intensity Pulsed Proton Injector” (HIPPI) in-
vestigations of space charge forces during the acceleration
of high intensity beams are funded. It is intended to bench-
mark different simulation codes against each other [4] and
to compare them with experimental data. The UNILAC
with its various beam diagnostics devices offers excellent
possibilities doing that. For the ﬁrst time exclusive beam
time (96 shifts) for UNILAC machine was requested and
approved for 2006 by the scientiﬁc advisory committee.
Matching to DTL
Alvarez DTL Section
Single Gap
Resonators
• Beam Current Measurement
• Beam Profile Measurement
• Phase Probes
Beam Emittance Measurement (long.)
Gas Stripper
40Ar1+  40Ar10+
Beam Emittance Measurement (trans.)
To SIS18
A1 A2a A2b A3 A4
BuncherHigh Current Injector (HSI)
40Ar (PIG)1+
RFQ IH1 IH2
40Ar (MUCIS)1+ Beam Emittance Measurement (trans.)
Figure 1: Overview of the experimental setup.
Experimental Setup
An overview of the experimental setup is shown in
Fig. 1. All high current measurements were performed
with a 7 emA 40Ar10+ beam which is adequate to 15 emA
238U28+ concerning space charge forces but due to the
lower mass over charge ratio the DTL quadrupoles can be
operated at higher phase advances.
In preparation for the measurements (transverse emit-
tance as function of rf phase, beam energy and σ0) the UNI-
LAC was optimised for low (0.2 emA) and high (7.1 emA)
40Ar10+ beam intensities:
• setup of the HSI for minimal longitudinal emittance,
• matching the beam to the ﬁrst Alvarez tank,
• minimisation of energy parasites behind DTL,
• optimisation of the two bunchers in the DTL section to
minimise the longitudinal emittance.
Preliminary Results
Results of former measurements presented in [5] showed
a transverse emittance growth for low beam intensity of
factor 2 while in DYNAMION [6] calculations no emit-
tance growth was predicted. The improved beam quality
was conﬁrmed in a measurement for an optimised UNI-
LAC setup as shown in Fig. 2. The remaining transverse
emittance growth of about 1.2 appears mainly in the 1st
DTL section and most probably results from a longitudinal
mismatch to tank A1 due to indications of a large phase
width.
Figure 2: Measured transverse 90% total emittances as
function of beam energy for 0.2 emA 40Ar10+ [7].
The accurate evaluation of the high intensity data is still
in progress. As a preliminary result for the high cur-
rent case a minimum transverse emittance growth factor
of about 2.1 (σ0 = 60◦) was measured. About 70% of
the beam intensity delivered by the UNILAC is inside the
acceptance of SIS 18.
Additionally, simulations with DYNAMION will be per-
formed for a more detailed understanding of the results.
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First measurements with the BPM High Performance Baseband Digitalization∗
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Task for BPM Digitalization
The present Beam Position Monitor (BPM) electronics
lacks a reliable evaluation for bunch-by-bunch measure-
ments and has to be renewed. After the data collection
and ofﬂine evaluation in 2005, the completed prototype
125MSa/s ADC-board connected to a high performance
Xilinx Virtex II Pro FPGA was tested. The hardware is
described more detailed in [1]. Dedicated fast online algo-
rithms, as described in [2] where implemented and tested
at SIS18 and at the CERN PS in the second half of 2006.
For accurate calculation of the transverse bunch position,
well deﬁned integration windows are needed. The deter-
mination of the position using the integral value minimizes
the noise in the gained position signal. The baseline of the
signal is a property that also alters the position signal and
therefore should be restored adequately. Main aspect of the
ﬁrst tests was the proof of concept in terms of online calcu-
lation feasibility.
Methods
Integration window length and baseline shift are time
varying parameters and can be bunch speciﬁc. The time
variation is mainly due to the changing bunch parameters
during the acceleration procedure. The baseline shift is
unavoidable due to analogue signal processing in the sig-
nal path and mainly depends on the bunch properties. For
the window generation a free-running algorithm was de-
veloped. It does not use external parameters to determine
the window starting and ending points. It makes use of the
fact that the BPM signal is approximately linear between
the particle bunches and almost Gaussian inside them. An
accumulated signal is generated from the original signal,
which has ﬂat regions outside bunches and steep increases
and decreases during bunch passage. To ﬂatten the sig-
nal and therefore remove some noise we apply a median
ﬁlter over 5 values. This smoothing-method avoids a divi-
sion, which otherwise would have negative effects on com-
putational speed. For the baseline restoration, its contri-
bution from the prior and post bunch signal can be used.
The predeﬁned integration windows are used to distinguish
between baseline region and bunch. After calculating the
mean of the two signals, we add the inverted result to the
actual bunch signal.
Results implementing these methods in sequence on an
238U73+ beam at 750MeV/u can be seen in Figure 1 and
in [2]. The baseline restored sum of two opposing plates
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Figure 1: Raw data of the bunches from the acceleration of
a U73+ beam recorded with 8 ns per sample. The baseline
restored sum (dashed) and difference (full) signals and the
calculated window (rectangular) are shown.
0 100 200 300 400
13
14
 p
os
iti
on
 in
 m
m
bunch nr.
Figure 2: Calculated beam position.
and the corresponding difference is shown together with
the integration window. In Figure 2 we see the calculated
position from a longer data string, part of which was shown
in Figure 1. Another approach using static window gener-
ation was implemented and tested [3].
Results
Measurements at CERN PS and GSI SIS18 where car-
ried out, using two identical hardware platforms with dif-
ferent software implementations. Both methods showed
their strengths in the respective machines. The method
from [3] is very sensitive to the type of beam and initial
frequency tracking. During those particular tests the cal-
culated σ of the position data was about 0.3mm. In 2007
hardware components for the 12 BPMs in SIS18 will be de-
livered and we will work on a centralized data acquisition
system.
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NEG Coating of the Dipole Chamber for the SIS 18 Upgrade* 
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Abstract 
The dipole and quadrupole chambers of the 12 sectors 
of the heavy ion synchrotron (SIS 18) will be coated with 
a Ti-Zr-V thin film by magnetron sputtering [1]. The NEG 
coating is necessary to provide uniform pumping speed 
along the chambers to contribute to the reduction of the 
base pressure of the SIS 18.  In order to coat those vac-
uum chambers a new dipole coating facility was built at 
GSI, and, at the end of 2006, the first two coated dipoles 
were installed in the sector S05/S06. The coating facility, 
its operating mode, and the first results obtained will be 
presented.  
NEG Coating Production 
The dipole coating facility shown in Fig.1 was designed 
and commissioned in the first half of 2006. The design of 
the facility had to take into account the special geometri-
cal dimensions of the dipole chambers. Those pipes, made 
from stainless steel, are in fact 3m long, have an elliptical 
cross section, and are characterised by 0,3 mm wall thick-
ness and a 15° bending angle.  For an easier integration of 
the dipole chambers into the sputtering system, a horizon-
tal configuration of the facility was chosen.   
 
Figure 1: Picture of the experimental set-up.  
The coating facility consists of a UHV pumping system 
(equipped with a residual gas analyser, a wide range 
gauge and a Kr injection line), a manifold, and five coils. 
To obtain a uniform film thickness, the use of two cath-
odes, mounted at about 40 mm from the centre of the di-
pole chamber, respectively, was foreseen. The two elec-
trical cathode feedthroughs are located opposite to each 
other at the lateral side of the manifold and they are fed 
by 1,5 kW dc power supply. 
The solenoids are 800 mm long having 350 mm inter-
nal diameter and they can provide a maximum magnetic 
field of about 180 Gauss. They are individually powered 
to allow also the generation of an inhomogeneous mag-
netic field if, in future, the coating of vacuum chambers 
with a non constant aperture has to be performed. The 
coating process for the dipole chambers takes about 10 
hours to achieve the thickness of 1μm. A current of about 
0,14 A/m for a voltage of 500V is applied at each 
feedthrough. During the sputtering process the tempera-
ture of the dipole chambers is kept at 100°C and the proc-
ess parameters are monitored and recorded by computer. 
Copper samples are coated simultaneously with the di-
pole chambers, and used to analyse the film thickness by 
means of scanning electron microscopy (SEM) and the 
elemental composition by means of energy dispersive X-
ray spectroscopy (EDX). The correct activation behaviour 
of the produced NEG film is stated by the reduction of the 
oxygen peak area as function of the temperature, as 
proven from the XPS (X-ray photoelectron spectroscopy) 
results (see Fig.2).   
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Reduction of the oxygen peak area as a func-
tion of the temperature. The results obtained for the 
chambers coated for the SIS 18 upgrade are comparable 
with those measured for a chamber coated for LHC. 
Commissioning of the First Coated Dipole 
Chambers in the SIS 18 
    The first two coated dipole chambers and one coated 
quadrupole chamber were mounted in the sector S05/S06 
at the end of 2006. After the bakeout and the activation of 
the coated pipes, pressures of about 2x10-10 mbar and 
3x10-11 mbar were measured at the two ends of the sector, 
respectively. These pressure values can be compared with 
those measured at the end of a similar heating cycle at the 
extreme ends of the uncoated sector S07/S08: 3x10-10 
mbar and 5x10-10 mbar, respectively.  The pressure differ-
ence at the two sides of the sector S05/S06 can be ex-
plained after recording a mass spectrum: a significant gas 
load due to a not completely successful bakeout cycle of a 
new insertion (unplanned repair of a Q-kicker module). 
After several weeks of operation the total pressure in the 
NEG coated sector dropped to the low 10-11mbar region at 
both sides. A new activation of the NEG surfaces during 
the next shutdown should lead to a further improvement 
of the total pressure value in this sector. In the frame of 
the SIS 18 upgrade project the assembling of additional 
ten coated dipole chambers is foreseen within 2007. 
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Desorption Yield Measurements of Copper Characterized using UHV-ERDA ∗
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Ion-induced desorption is a serious luminosity limitation
for high current and low charge state heavy ion accelerators
[1]. In order to find low desorbing materials for the loss
regions of SIS18 a dedicated experimental program was
started measuring desorption yields of different materials,
which are in-situ well characterized using UHV Elastic Re-
coil Detection Analysis (ERDA).
Two targets, with a size of 50 x 50 mm2, were cut out
of the same piece of 99.95% oxygen free high conduc-
tivity (OFHC) copper. Target (A) was lapped in the tar-
get laboratory of GSI using a ceramic (Al2O3) paste and
cleaned in HNO3 acid in order to remove a possible oxide
layer and polishing grains. After preparation the sample
was mounted in the UHV-ERDA chamber with minimal
exposure to air. Target (B) was polished with a standard
polishing paste (Fe2O3, grain size ≤ 10μm in a Stearin
matrix) which is used for copper coated accelerator cavi-
ties. After polishing the target was cleaned in an ultrasonic
bath, flushed with demineralized water and dried under at-
mosphere for 4 h at 250◦ C.
The desorption yield and ERDA measurements were
performed at the high charge state injector (HLI) of GSI
using a 1.4 MeV/u 136Xe21+ beam. From the raw ERDA
spectra, compare [2], element specific depth distributions
can be derived using the KONZERD code [3] as shown
in Fig. 1. Here the depth distributions of copper, oxygen
and carbon for the both samples are shown: whereas sam-
ple (A) is a pure metallic copper with only minor oxygen
contamination on the surface, target (B) has a highly oxi-
dized surface. For both targets the carbon contaminations
is below 1 %. The thickness of the Cu2O oxide layer on
target (B) is around 450 nm. The corresponding pressure
rise under ion bombardment is shown in Fig. 2. A signifi-
cant higher pressure rise was observed for target (B). At the
end of each desorption yield measurement we have applied
a positive or negative bias voltage to the target in order to
measure the influence of secondary, charged particles (elec-
trons and ions) to the pressure rise. A pressure increase is
clearly visible and is slightly more pronounced for a pos-
itive bias voltage. Here secondary ions emitted from the
target gain 2000 keV kinetic energy in the electric field and
are accelerated towards the chamber wall resulting in a low
energetic ion stimulated desorption. The effective desorp-
tion yield for sample (A) was measured to be ηeff ≈ 360
and for sample (B) ηeff ≈ 1500 taken from the peak max-
imum. For more details see [4].
Hence, the desorption yield of the oxidized copper is
∗We acknowledge the support of the European Community-Research
Infrastructure Action under the FP6 ”Structuring the European Research
Area” program (DIRACsecondary-Beams, contract number 515873)
Figure 1: Depth distribution of copper, oxygen and carbon
for sample (A) and (B).
Figure 2: Desorption yield measurement of both targets.
around 4 times higher compared to an almost clean cop-
per. This results and the measured (dE/dx)2 dependency
reported in [1] shows that desorption is directly linked to
the electronic sputtering: the higher the sputter rate of the
target the higher the desorption yield of the adsorbed gas.
The higher sputter yields for the oxidized copper can be ex-
plained by the Thermal Spike Model [5]. Since the copper
oxide is an insulator the mobility of the electrons and there-
fore the thermal conductivity is strongly reduced compared
to a metal.
Results and interpretation have clear consequences for
materials and material treatments used for accelerator beam
tubes or beam loss collimators: It should be a highly con-
ductive material with very little impurities. It should have
a clean metallic surface. Favorably it should be made out
of a low Z material to minimize the electronic energy loss
close at the surface. Perpendicular impact should be en-
sured and the amount of adsorbed gas should be reduced to
a minimum, e.g., by a special bake out procedure.
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Ionization Beam Loss and Collimation in SIS18
C. Omet∗, P. Spiller, and H. Kollmus
GSI, Darmstadt, Germany
Introduction
Ionization of beam ions, especially at operation with
intermediate charge states, combined with a strongly dy-
namic residual gas pressure may create major beam loss.
The first experimental evidence has been obtained in SIS-
18 machine experiments in 2001 with U28+-ion beams.
Operation with intermediate charge states is in general re-
quired to minimize the incoherent space charge tune shift
in SIS-18 and SIS-100. The booster operation of SIS-18
for the FAIR accelerator facility [1] requires acceleration
of more than 1011 U28+-particles per SIS-18 machine cy-
cle. In 2001, more than 90% of the injected 1010 beam ions
were lost within ≈ 100 ms. Consequently a UHV upgrade
program has been defined, aiming for a minimization of the
pressure dynamics during intermediate charge state opera-
tion. In order to verify the proposed measures, a simulation
code for ionization beam loss and dynamic vacuum effects
has been developed. It could be shown that heavy ion beam
acceleration with a reasonable low amount of loss and the
desired intensity is feasible but requires a dedicated colli-
mation system to control the ion induced desorption gases.
Code Benchmarking and Simulations
To benchmark the simulation results and the present
understanding of the pressure dynamics, we continued
with machine experiments [2] and verified the theoreti-
cal models of beam loss and desorption implemented in
StrahlSim [3]. During a run in 2006, 5*109 U28+ particles
have been injected at 7.1 MeV/u and were accelerated to 90
MeV/u. Both Rf cavities were used to produce an acceler-
ation voltage of 28 kV. In parallel, the vacuum pressure in
SIS-18 was measured.
As in previous experiments, due to ion induced desorp-
tion effects the pressure revealed a strongly dynamic be-
havior. However, the clear but in this case low pressure rise
and the observed beam loss was not well in consistence
with the theoretical predictions. To obtain a better agree-
ment, the measured pressure should have been at least a
factor of 2 higher. The discrepancy could be explained by
the present distribution of the pressure gauges in SIS-18.
The pressure gauges are situated near the UHV pumps and
therefore do not deliver a representative measurement of
the average machine pressure.
In order to verify the applied models for the energy de-
pendency of the ionization and capture cross sections, ma-
chine experiments were conducted with acceleration at dif-
ferent ramp rates between 1 and 6 T/s. As expected and pre-
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dicted with StrahlSim, higher ramp rates result in a lower
amount of ionization beam loss. The charge exchange cross
sections have a significant energy decrement, i.e. at faster
ramping the time at lower beam energies is shorter.
Collimator Prototype
For the reduction of the ionization beam loss, a dedi-
cated collimator system has been proposed [4]. The goal
is to prevent the pressure bump created by ion impact from
interacting with the revolving beam. On the other side the
amount of gas produced shall be minimized. According to
recommendations from the GSI atomics physics group, the
dependency of the cross sections as a function of energy has
been modified. After implementation in the STRAHLSIM
code, the intensity evolution in a SIS-18 booster cycle, with
and without collimation system has been re-calculated. In
parallel, the design of a prototype collimator was com-
pleted (see fig. 1). The design allows testing of two op-
tional geometries: a wedge- and block-shaped collimator
block, both coated with a low-desorption yield 100 μm Au
surface. The collimators are surrounded by a NEG-coated
secondary chamber to provide a large local pumping speed
for the control of the desorption gases. The prototypes will
include various sensors for total pressure measurements (in
the secondary and primary chamber) and partial pressure
analysis. Two prototypes will be built and installed in SIS-
18 in the winter shutdown 2007.
Figure 1: 3D-model of the SIS-18 collimator prototype
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RBS Investigations of Layered Targets for SIS18 Beam Loss Collimators ∗
M. Bender1, H. Kollmus1, W. Assmann2, R. Do¨rner3, B. Kindler1, B. Lommel1, and H.
Reich-Sprenger1
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Since two years an UHV Elastic Recoil Detection Anal-
ysis (ERDA) set-up is available at the high charge state in-
jector (HLI) of GSI and mainly used for desorption stud-
ies [1, 2]. ERDA with high Z beams starting from Xe up
to Au is especially suited for the investigation of light el-
ement desorption by heavy ion beams from metallic sur-
faces. To measure high Z target coatings like gold, Ruther-
ford Backscattering Spectrometry (RBS) is more appropri-
ate being the complementary ion beam analysis technique
to ERDA. It has a high sensitivity to heavy elements and
uses hydrogen or helium ion with a few MeV, typically.
Sensitivity and depth resolution, however, are increased
with little heavier projectiles such as C which can be fre-
quently used in parasitic mode during the cancer therapy.
Typically three month per year the HLI of GSI is exclu-
sively used to produce a 1.4 MeV/u C2+ beam. Therefore,
we have established heavy ion RBS at the UHV set-up and
extended our analysis capability.
Copper coated with 50 - 100 nm gold may be used for the
new SIS18 beam loss collimators. Clean metallic copper
turned out to have a comparable low desorption yield as
long as no oxide layer has grown on the surface. To prevent
copper from oxidation it will be cleaned in vacuum and in-
situ terminated with a thin gold layer. After coating the
copper can be exposed to air and mounted inside SIS18.
Like each UHV device the collimator has to be bakeable up
to 300◦ C. RBS was used to measure the long term behavior
and stability of the gold layer during a typical UHV bake-
out cycle.
Results of recent RBS investigations on gold coated cop-
per are shown in Fig. 1. The x-axis shows the scattered
projectile ion energy which corresponds to the depth distri-
bution of different elements. Since copper and gold have a
quite different mass they are well separated in the energy
spectrum (a). The dotted and the dashed-dotted line rep-
resents the energy of a projectile ion scattered at a copper
and a gold atom, respectively, on the sample surface. From
this energy distribution the film thickness can be derived
using, e.g., the simulation code SIMNRA [3]. In spectrum
(a) one can clearly see the gold layer of 200 nm thickness
on top of the copper and no copper on the surface. Spectra
(b) to (d) are now different snapshots of the sample during
the 300◦ C heating cycle: in (b) the copper starts to diffuse
into the gold towards the surface. In (c) copper is diffused
into the gold layer to the sample surface and the gold starts
to diffuse into the copper bulk. In (d) –the sample was now
∗We acknowledge the support of the European Community-Research
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Figure 1: RBS measurements of copper with 200 nm gold
coating using 16.8 MeV 12C2+ ions and a scattering angle
of 170 degrees: (a) as prepared, (b) - (c) after heating at
300◦ C for different times (see text).
at 300◦ C for about 100 h– the gold is almost completely
inside of the copper substrate.
To avoid this in-diffusion of the gold overlay, work is in
progress to find a suitable diffusion barrier and to test the
stability of the gold layer during repeated heating cycles by
RBS and by additional ERDA and pressure rise measure-
ments its desorption behavior.
The new RBS capability was also used for the character-
ization of thin film coatings, like NEG getters. Here we are
able to measure the stoichiometry of the getter components
and the film thickness. Up to now the stoichiometry of the
NEG was measured at CERN using XPS and the thickness
using SEM. Now both can be determined with high accu-
racy using RBS and complemented by ERDA where the
pumping properties for light elements and the diffusion of
the oxide during activation can be seen.
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Radiation Hardness of PS Magnets during β-beam Operation* 
M. Kirk, P. Spiller, C. Omet, J. Stadlmann, GSI, Darmstadt, Germany 
M. Benedikt, Geneve, CERN 
The EURISOL β-beam project addresses the design of 
accelerators for the production of high flux neutrino 
beams. With the aim to exploit the existing PS and SPS 
synchrotrons at CERN, it is proposed to create neutrinos 
and antineutrinos from high intensity radioactive beams. 
Boosted to high relativistic energies in the SPS and then 
injected into an elongated storage ring, narrow cones of 
neutrinos are produced. The He and F isotopes are in-
tended to be produced by the planned EURISOL facility. 
The present candidates are 6He2+Æ6Li3++β-+ν and 
18Ne10+Æ18F9++β++ν  which would achieve a reasonable 
decay rate at γ=100 in the decay ring. 
 
The irradiation of accelerator components due to beam 
loss is a serious issue. Short term irradiation studies [1] 
have shown that the coil’s insulation, an epoxy fibre glass, 
has a functional lifetime corresponding to a physical dose 
in the range 20-40 MGy. The exact dose depends on the 
type of insulator. For long term exposures (years) how-
ever the remnant dose is significant. A nominal safety 
limit of 10 MGy which includes the remnant dose is 
therefore chosen. The combined function magnets in the 
PS, which currently are not shielding by collimators, 
should have lifetimes of tens of years. To a large part it is 
the neutron yields that contribute to the dose. The Monte 
Carlo transport program FLUKA [2] was selected as it is 
valid even beyond γ=100. The GSI accelerator code 
StrahlSim [3] provided the loss distribution at the collima-
tor. The collimator, a 1m long lead block, was placed 
10cm from the front face of the magnet and shields the 
magnet from the β-decay daughter nuclei. Initially Li was 
considered. The energy of the Li-ions was assumed 
monochromatic and the energy chosen was 7.8 GeV/u; 
the top energy of the PS. The PS dipoles have curved pole 
surfaces to create the combined focussing and deflection 
of the beam. Although the coil’s geometry and material 
composition (i.e. water, copper, insulation) is detailed, 
each pole is defined by just 5 planes as shown in figure 1. 
 
With the presence of the collimators the largest dose re-
ceived is that in the front parts of the coil, particularly in 
the insulator where the primaries first impinge. If the dose 
in a region only ~1mm3 in size exceeds 10 MGy the coil 
is considered defect. The spatial dose distribution over the 
insulation was thus evaluated over a grid with bin dimen-
sions 1cm x 1cm x 2mm. The appropriate dimensions of 
the grid depend on the irradiation pattern. To this end, a 
life time with the collimator of ~36 years was determined 
which is not much longer than the 10 physics years for β-
beam experiments. Perhaps this lifetime will be longer if 
a more realistic irradiation pattern is chosen. 
 
However, the absence of collimation avoids secondary 
yields in the collimator which otherwise would impact on 
the coil downstream. The same sub region, as before, re-
ceives the largest dose. The overall variation of the dose 
however differs. 
Consequently the life time of the coil is much longer, in 
fact much longer also compared to the time of operation it 
took for the need to replace the coils in the PS dipoles. 
Therefore, a comparison against proton irradiation is im-
portant.  
 
Figure 1: Cross sections through the target geometry. 
 
So far only irradiation with Li has been investigated. Life-
times for F-ion irradiation should also be estimated. Im-
provements to the model should be made since the quoted 
lifetime for the collimated geometry is marginally accept-
able. For one, the layers of lamination, an epoxy resin, for 
the Fe-yoke should be included, as its dose rate may in-
crease if the collimators are removed. A more realistic 
pipe geometry and beam distribution should also be con-
sidered. Inclusion of the magnetic field should be imple-
mented since this will also affect the irradiation pattern. It 
could be that at lower energy collimation is feasible. This 
shall be investigated. 
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Measurement of the fluence response of a passive neutron dosemeter in the
energy range from thermal to 19 MeV
G. Fehrenbacher1, F. Gutermuth1, E. Kozlova1, and T. Radon1
1GSI, Darmstadt, Germany
Introduction
Radiation fields outside the shielding of high energy par-
ticle accelerators are frequently dominated by the neutron
component which extends over a wide energy range. At
GSI for the neutron monitoring a passive thermolumines-
cent based dosimeter is used. The sensitive elements are
pairs of TL 600/700 thermoluminescence elements. They
are surrounded by a polyethylene moderator (PE). In order
to improve the response to high energy neutrons the mod-
erator is equipped with a lead layer [1].
In this work, the dosemeter response was measured in
quasi-monoenergetic neutron fields of the accelerator fa-
cility of PTB in Braunschweig and in the thermal neutron
field of the GKSS research reactor FRG-1 in Geesthacht.
Measurements
At PTB there are two ion accelerators, a Van-de-Graaf
generator and a cyclotron. Neutrons in the energy range
from 0.144 MeV to 19 MeV are produced by the accel-
erators using the 7Li(p,n)7Be, 3H(p,n)3He, 2H(d,n)3He,
3H(d,n)4He reactions. The measurements were carried out
in forward direction with respect to the incoming beam.
The neutron fluence is monitored by two long counters [2].
The measurement of the dosemeter response to ther-
mal neutrons was performed at the GeNF laboratory at the
GKSS research centre [3]. The dosimetry installation is op-
erated by means of a xy-scanner perpendicular to the neu-
tron beam. This scanner is necessary because the beam size
is only approximately 35x35 mm2 and the dosemeter di-
ameter is 32 cm. Homogenous irradiations are achieved by
application of quasi-Lissajous figures of the scanner. The
energy distribution of the neutron field can be described by
a Maxwellian distribution with a mean value of 45 meV
and a kT value of 22.5 meV.
Results
The results of measurements are shown in Fig. 1 together
with MC calculation. The fluence response of the TLD
based system was calculated by means of the MC codes
FLUKA [4] and MCNP [5]. The deviation of the measured
response to the calculated one amounts to 27% at thermal
energies and 5% to 14% for the accelerator neutron ener-
gies (0.144 MeV to 19 MeV). Therefore, it can be stated
that the comparison of measured and calculated response
shows a good agreement. The energy dependence of the
detector for the fluence response are shown together with
the function for the conversion of fluence to ambient dose
equivalent from ICRP [6] and the high energy extension
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Figure 1: Measured response to thermal neutrons (asterisk)
and to the accelerator produced neutrons (points). Calcu-
lated fluence responses (solid line) and the fluence-to-dose
conversion function for ambient dose equivalent H*(10)
due to ICRP74 [6] and [7] (dashed line).
from Sannikov and Savitskaya [7]. The detector shows
an under-response for thermal neutrons and in the range
of 0.1 MeV and an over-response in the keV range. The
maximum deviation of the response of the device from the
conversion function amounts to a factor of three. It would
be desirable to determine the experimental response to mo-
noenergetic neutron with energies from 20 MeV up to 300
MeV.
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Schottky mass measurements of neutron-deficient 152Sm projectile fragments
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M. Mazzocco1, C. Nociforo1, F. Nolden1, W.R. Plass1,2, C. Scheidenberger1,2, M. Steck1, B. Sun1,4,
H. Weick1, and M. Winkler1,2
1GSI, Darmstadt; 2JLU, Giessen; 3Warsaw Univ.; 4PKU,Beijing
The mass surface consisting of 373 different neutron-
deficient nuclides has been measured with the time-
resolved Schottky Mass Spectrometry (SMS) at the FRS-
ESR facility recently. Exotic nuclei were produced in frag-
mentation of 152Sm projectiles, separated in-flight with the
FRS, and injected, stored, and electron-cooled in the ESR.
The masses of 84Zr, 92Ru, 94Rh, 107,108,110Sb,
111,112,114I, 118Ba, 122,123La, 124Ce, 127Pr, 129Nd, 132Pm,
134Sm, and 137Eu nuclides have been determined for the
first time. In addition, masses for 111,112I and 113Xe could
be obtained by connecting known α-decay energies to the
corresponding directly measured daughter nuclei. It is in-
teresting to note that in former experiments the limit for
the observation of one single stored ion was at about Zinc
(Z=30) [1]. In the present experiment, however, single
stored Magnesium (Z=12) ions were identified due to the
improved signal-to-noise ratio.
The present mass accuracy of the time-resolved SMS is
about 30 μu [1]. By restricting to a small frequency range,
one can minimize ion-optical nonlinearities and achieve
a mass accuracy as small as Δm/m = 4.3 · 10−8. In
the example shown in Figure 1, we used the well-known
masses of 93Tc (ME = −83603(4) keV) and 93gMo
(ME = −86803(4) keV) in order to determine the mass
of the isomeric state 93mMo. The obtained mass value is
compared to the literature in Fig. 2. For selected cases this
evaluation method is very powerful, however, one does not
use the advantage of the broad-band frequency recording
which enables a simultaneous mass measurement of hun-
dreds of nuclides with a relative accuracy of 1.5 · 10−7 [1].
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Figure 1: Example of a narrow Schottky frequency spec-
trum of 93Tc and 93gMo and 93mMo isobars. The mass
value of 93mMo has been determined based on the refer-
ence mass values of 93Tc and 93gMo [2].
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Figure 2: Comparison of the measured value for 93mMo
with the one from AME 2003 [2]. The achieved mass ac-
curacy of Δm/m = 4.3 · 10−8 was limited by the uncer-
tainties of the reference masses.
The mass surface measured in this experiment largely
overlaps with our previous measurements [1, 3, 4]. On the
one hand this is important for the consistency check of the
data. On the other hand, the results of different measure-
ments can be combined into a common network analysis,
similar to the one described in Refs. [1, 3]. Such network
analysis connects all nuclides by means of measured revo-
lution frequency relations. All precisely known masses and
Q-values of different reactions will be used for calibration
purposes. Each of these values contributes to constrain the
entire system. All our measured masses cover already now
about 50% of the known mass surface. It is possible to in-
corporate in this analysis also the frequency relations from
the Isochronous Mass Spectrometry (IMS) [5]. This is im-
portant in view of the present FRS-ESR research program
and, in particular, for the data which will be provided by
the future NUSTAR/ILIMA project at FAIR.
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Orbital electron capture decay in hydrogen-like 140Pr58+ ions.
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For the first time the nuclear electron-capture decay rate
of hydrogen-like ions have been measured. The selected
example was 140Pr58+ decaying to the nuclear ground state
of fully-ionized 140Ce58+ ions.
Radioactive 140Pr ions have been produced by fragment-
ing an intense beam of 152Sm projectiles, accelerated by
the SIS to 508 MeV/u, in a 1 g/cm2 thick 9Be target. The
hydrogen-like 140Pr58+ ions were separated in-flight from
contaminations as 140Nd58+ and 140Ce58+ ions, by using
the Bρ-ΔE-Bρ separation method [1] at the FRS and in-
jected into the ESR within 500 ns. Stochastic pre-cooling
and electron cooling were applied to the stored 140Pr58+
ions. The electron cooling [2] forces all stored ions to the
same mean velocity and thereby reduces the initial velocity
spread of a few 10−2 to roughly 5 · 10−7. The stochastic
cooling device [3] provides fast pre-cooling at a fixed frag-
ment velocity, corresponding to 400 MeV/u, thus reducing
the overall cooling time to about 2 seconds. The unambigu-
ous identification of cooled 140Pr58+ ions and their decay
measurement has been performed with the time-resolved
Schottky Mass Spectrometry [4].
Example of measured decay- and growth curves is
shown in Fig. 1. Feeding of 140Pr58+ or 140Ce58+ ions via
radioactive decays or atomic charge-exchange reactions of
other stored ion species has been experimentally excluded
by blocking the corresponding orbits with mechanical slits.
In total four measurements of the EC decay of 140Pr58+
ions have been performed, where the intensity of the in-
jected mother ions has been varied from several ten ions
to about 1000 ions. Decay curves of the mother ions have
been fitted with an exponential function:
NPr(t) = NPr · e−λt (1)
where NPr is the number of mother ions, t is the time after
injection, and the decay constant λ is the sum of the EC
decay constant λEC , the β+ decay constant λβ+ , and the
atomic losses due to collisions with rest gas ions or pick-
up of electrons in the cooler λloss (λ = λEC + λβ+ +
λloss). The latter is much smaller than λEC and λβ+ . The
intensity increase of the 140Ce58+ ions is determined solely
by λEC . The loss of stable 140Ce58+ is determined only by
λloss. In order to determine λβ+ , fully-ionized 140Pr59+
ions have been stored in the ESR and their decay has been
measured. Since there are no orbital electrons, the nucleus
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Figure 1: Intensities of 140Pr58+ and 140Ce58+ ions as a
function of time for one injection into the ESR. The data
points are shown in the laboratory frame (Lorentz factor
γ=1.43.)
can only decay via the β+ decay-channel. The measured
decay-constant is then the sum λβ+ + λloss.
All measurements have shown consistent results.
The half-life of hydrogen-like 140Pr58+ amounts to
3.13(14) min, which is to be compared to 3.39(1) min
known for the neutral atom [5].
Although the number of electrons is reduced from 59 in
the neutral atom to only one, the electron-capture decay
rate increases. To explain this curious observation, one has
to take into account the spin orientations of the nucleus as
well as of the leptons involved and the conservation of the
total angular momentum in this decay. Similar effects have
been seen in muon capture [6].
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The astrophysical r-process is responsible for the syn-
thesis of approximately half of the heavy nuclei in the
Universe. One of the main problems we have to over-
come to fully understand the observed r-process abun-
dances is the lack of information on the nuclei par-
ticipating in this process, in particular for the heaviest
ones. The production of heavy neutron-rich nuclei in
the laboratory has been a challenging problem in the last
decades, and the vast majority of very neutron-rich r-
process nuclei is not experimentally accessible. In par-
ticular the waiting-point around N=126, in the heavy
neutron-rich region, remain as an unexplored territory.
However, the possibility of accelerating heavy ions at rela-
tivistic energies made it possible to investigate, during the
last years, reaction mechanisms leading to the production
of heavy neutron-rich nuclei, such as cold-fragmentation
reactions[1].
In this work we concentrate on the measurement of β
half lives of heavy neutron-rich nuclei approaching N=126.
β-decay half-lives are of importance not only because they
play an important role in the understanding of the progress
and time scale of the stellar nucleosynthesis processes and
consequently in the final abundance patterns, but also be-
cause they can be used to benchmark nuclear models far
from stability.
The experiment was performed at the Fragment Sepa-
rator (FRS). A beam of 208Pb ions at 1 A GeV was de-
livered by the GSI heavy-ion synchrotron SIS, and di-
rected to a beryllium target. The isotopic identification was
achieved by determining both the atomic number Z and the
mass-over-charge ratio A/Z of each nucleus by means of
the measurements of the magnetic rigidities, time-of-flight
(ToF) and energy loss of each fragment passing through the
FRS. The ions at tens of A ·MeV were implanted in an ac-
tive stopper; a highly-pixelated Si detector stack which al-
lows for the correlation in time and space of the signal from
the implanted ion with the subsequent signal produced by
the β-decay. The use of a mono-energetic degrader at the
FRS provides a horizontal dispersion and a narrow range
distribution of fragments in the active stopper.
A fragment-β-correlated time spectrum was generated
by histogramming the differences between the time of the
β-events and the correlated implantation events. In order to
be able to disentangle the background from the real events,
the fragment-β correlations were performed in a time re-
versed sequence. In order to determine the half-life of
∗Teresa.Kurtukian@usc.es
† Present address:GANIL,Caen, France
the selected nuclides, we performed sets of Monte-Carlo
simulations with a given efficiency and lifetime, and we
calculate the χ2 from the measured and simulated ratio of
the spectra of time correlations in forward- and backward-
directions for each set of simulations.
The measured half-lives are systematically compared in
figure1 with two theoretical models: the revised version of
the Gross Theory[2] and the microscopic approximation of
P. Mo¨ller et al.[3], which deals with the GT transtitions wi-
hin the RPA and the first-forbidden(ff) transitions within
the statistical Gross Theory. Generally, both models over-
estimate the half-lives of the nuclides, and in the case of the
P. Mo¨ller model it is by orders of magnitude. These differ-
ences could be attributed to the presence of high-energy
first-forbidden transitions, which reduce the total β-decay
half-lives for nuclei crossing the closed-shells. These com-
parisons show the necessity for measuring more half-lives
of nuclides far from stability in order to test the validity
of nuclear and β-decay models, and to provide a basis for
choosing a reliable extrapolation.
Figure 1: Ratios of experimental half-lives to theo-
retical calculations: from the revised Gross Theory
calculations[2] and the microscopic model of Mo¨ller[3]
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Scottky Mass Spectrometry [1] is a powerful tool for
the direct mass measurement. A recent experiment [2] in
2005 has been devoted to mass measurements of neutron-
deficient medium-heavy nuclei. The exotic nuclei have
been produced via fragmentation of 615 MeV/u 152Sm pro-
jectiles in a thick 4 g/cm2 9Be production target, then sepa-
rated in-flight with the fragment separator FRS and injected
into the storage-cooler ring ESR. More than 350 neutron-
deficient nuclei have been unambiguously identified in the
measured frequency spectra. Here we report on the dis-
covery of a new long-lived isomeric state in 125Ce in this
experiment.
The 125Ce ions have been observed in the spectra in two
charge states, namely 14 times as fully ionized 125Ce58+
and 7 times having one bound electron 125Ce57+. In all
these cases, several ions of 125Ce were injected into the
ESR, which have been assigned to an unresolved mixture
of the ground and isomeric states. An obvious advantage
of measuring single ions is that a single ion can belong to
one state only. In this way ground or isomeric states can
be assigned even for very small excitation energies, which
cannot be resolved when both states are present simultane-
ously [3]. A single stored 125Ce ion in the isomeric state is
shown in Fig. 1. In the beginning of the measurement also
ions in the ground state are present, thus making a com-
mon frequency peak. After about 100 s most of the ions
have decayed. The last single ion can be identified as be-
ing in the isomeric state since its frequency has shifted, re-
flecting a slightly higher mass-to-charge ratio. No other
fragments in different charge states can account for this
frequency line. In another measurement, after about 60 s
a single stored ion in the ground state has been observed.
The frequency difference between the ground and isomeric
states can clearly seen by comparing with the neighboring
frequency of 69Ge32+.
For the lifetime determination, Schottky frequency spec-
tra averaged over 2-s periods have been produced. The time
of decay measured for the ion in the isomeric state in the
laboratory frame is 269 ± 1 s, which in the rest frame of
the ion corresponds to 193± 1 s (Lorentz factor γ = 1.39).
Following Ref. [4] we estimate the mean lifetime of the
isomer to be τ = 193+924−88 s.
The excitation energy E∗ = 103± 12 keV has been de-
termined by calibrating the frequency spectra with neigh-
boring 41K19+, 82Sr38+, 69Ge32+, and 56Fe26+ ions which
have well-known mass values [5]. According to the Weis-
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Figure 1: Sixteen sequential Schottky frequency spectra.
At first, the frequency of 125Ce58+ ions corresponds to an
unresolved mixture of the ground and isomeric states. After
about 100 s, only one ion of 125Ce in the isomeric state is
left.
skopf estimate [7], a hindered E3 (τW (E3) = 14 s) or M3
(τW (M3) = 115 s) transition can be assigned for the de-
excitation of this isomeric state.
There are no experimental single-particle states that
seem likely to give rise to an M3 transition. However, the
deduced energy and multipolarity E3 are in good accord
with a “missing” transition, that would complete the low-
energy part of the level structure deduced in Ref. [6] using
γ-ray spectroscopic data. They identify a 1/2+ bandhead,
92 keV above the (7/2−) ground state, but their technique
was not sensitive to the associated (E3) transition. Allow-
ing for an E3, 92 keV electron conversion coefficient of
α = 43 [8], the present lifetime of 193 s for bare ions cor-
responds to 4.4 s for neutral ions.
In summary, these isomer data are interpreted as arising
from an E3, 1/2+ to 7/2− transition, which can be used to
constrain the γ-ray spectroscopic data.
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The total absorption spectrometer (TAS) [1] mounted at 
the GSI on-line mass separator [2] was generally used for 
measuring β-intensity distributions of nuclei far from sta-
bility. Another particularly interesting application is, how-
ever, to investigate the structure of individual (low-lying) 
states of the β-decay parent and daughter nucleus, includ-
ing isomers. As an example, we present here the results 
on low-lying 94Rh levels obtained by studying the decay 
of 9-s 94Pd [3]. The Kα(Rh) X-rays and a 54.6-keV γ-ray 
line, observed  in  the well-shielded germanium detector 
of TAS (see  Fig. 1),  are  characterized  by  a  half-life  of 
 
 
 
Figure 1: Low-energy part of the spectrum registered by 
the germanium detector. 
 
 
 
Figure 2: Time distribution of events obtained as delayed 
coincidences between γ-rays registered in the NaI detector 
and Kα(Rh) X-rays (filled circles) and 55-keV γ-rays 
(open circles) observed in the germanium detector. 
 
0.48(3) μs. The latter result was obtained by inspecting 
their time distribution relative to the time of registering γ-
ray events in the NaI detector of TAS (see Fig. 2). From 
the intensity of delayed Kα(Rh) X-rays and 55-keV γ-rays 
the internal conversion coefficient was determined to be 
αK = 9.5(20), indicating E2 multipolarity of the 55-keV 
transition. These results, together with data on β-intensity 
distributions, yield the tentative spin and parity assign-
ments of (8+) and (4+) for the 71-s and 26-s states, respec-
tively, and (2+) for the newly observed 0.48-μs isomer of 
94Rh. There is an indication from experiment that the (8+) 
level is 100(300) keV lower than the (4+) state. A com-
parison of the experimental data with shell-model predic-
tions, displayed in Fig. 3, can be used for defining the 
merits and deficiencies of the theoretical predictions as 
well as tasks of future experiments on 94Pd and 94Rh [3]. 
The data presented here prove that TAS together with its 
ancillary detectors is indeed a powerful tool for isomer 
spectroscopy. 
 
 
 
Figure 3: Experimental data on low-lying 94Rh states in 
comparison with the corresponding shell-model predic-
tions obtained by using the S-FIT [4] or Gross-Frenkel 
(GF) [5] interaction. 
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The aim of the RISING (Rare Isotope Spectroscopic 
INvestigations at GSI) collaboration is to use GeV range 
beams from the GSI/SIS synchrotron to study the internal 
structure of exotic nuclei produced through projectile 
fragmentation and fission reactions. These production 
techniques, coupled to a powerful germanium array from 
the decommissioned Euroball setup, plus the use of the 
FRS fragment separator for the selection and identifica-
tion of the produced ions makes a very powerful tool for 
the study of such nuclei. The RISING setup moved to the 
Stopped Beam isomer spectroscopy configuration for the 
first time in February 2006.  
To date, six separate experiments have been performed 
using this array (three in February/March 2006, two in 
July 2006 and one in December 2006). Gamma-ray transi-
tions depopulating isomeric states were observed using 
the fragmentation isomer spectroscopy technique (see, 
e.g., [1]). The physics aims of the campaigns addressed 
thus far have concentrated on the evolution of shell clo-
sures around doubly magic nuclei using 136Xe (experi-
ment S305); 208Pb (S299) primary beams, N=Z symme-
tries along the proton drip-line using 58Ni and 107Ag 
beams (S244), and isomeric decays from shell model and 
deformed states in very neutron-rich fission fragments 
produced using a 238U beam (S244 and S300). Individual 
reports for each of these experiments are presented in this 
Annual Report [2]. 
In its Stopped Beam configuration, the RISING array 
surrounds a passive stopper made of either perpex, copper 
or beryllium, which is positioned in the final focal point 
of the FRS. The array comprises 105 germanium crystals 
contained in fifteen, seven-element cluster detectors from 
the former Euroball array. The detectors were placed in a 
compact configuration in three angular rings of five de-
tectors at 51˚, 90˚, and 129˚ relative to the primary beam 
axis at an average distance from the centre of the array of 
22 cm. Each individual germanium detector had two par-
allel pre-amplifier outputs which were sent to two sepa-
rate branches of the data acquisition. One was a fully digi-
tal branch and provided the input signal for 105 channels 
within 30 Digital Gamma Finder (DGF-4C) modules. The 
individual DGF channel triggers were validated by a mas-
ter trigger signal generated from a fast plastic scintillator 
detector at the final FRS focal point. This signal was sent 
to a DGF channel in each crate in order to provide an in-
ternal check of the synchronization of the DGF clocks and 
also to provide a time-difference measurement between 
the arrival of an ion in the plastic scintillator and the 
measurement of a delayed Ȗ ray via the DGF Ȗ-time sig-
nal. The clock frequency of the DGF modules was 40 
MHz, corresponding to a 25 ns time step. 
  The array performance was measured using radioac-
tive sources both before and after the experimental beam 
periods.  The experimental conditions were found to pro-
duce an energy resolution of less than 3 keV at 1.3 MeV.  
Figure 1: Photograph of the Stopped Beam RISING spec-
trometer at the end of the FRS beam line. 
The source measurements suggest a typical Ȗ-ray pho-
topeak efficiency of approximately 10% at 1.3 MeV. Spe-
cific details of the characteristics and in-beam perform-
ance of the RISING array can be found in [3]. The next 
phase of the Stopped Beam RISING project will include 
the study of ȕ-delayed spectroscopy of heavy, neutron-
rich nuclei using a position sensitive silicon detector array 
to correlate detected ȕ-particles with specific implanted 
heavy-ions. The first experiments using this development 
are scheduled to run at GSI in early 2007.  
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Studies of isospin symmetry by means of γ-ray spectro-
scopic methods of isobaric analogue states has made sig-
nificant progress during the past decade — the description
of so-called mirror-energy difference (MED) has moved
forward from a qualitative to a quantitative understanding
[1, 2]. The different spatial distributions of the protons
in the respective mirror states give rise to isospin break-
ing Coulomb effects and nuclear components [3, 4], which
allows for subtle nuclear structure investigations on the ba-
sis of modern large-scale shell-model calculations [5]. Ex-
perimentally, these advances are mainly linked to 4π Ge-
detector instruments in conjunction with ancillary systems.
Lately, these combinations pushed for isospin Tz = ±1 or
Tz = ±3/2 mirror systems [1] and electromagnetic decay
properties; for example, isoscalar and isovector effective
charges in the fp shell could be derived [6].
Within the RISING Stopped Beam Campaign (March
2006) [7] we undertook a search for a presumed 10+ iso-
meric state in the Tz = −1 nucleus 54Ni, which should
be the analogue to a well established τ = 525(10) ns,
10+ state in its A = 54 mirror 54Fe [8]. The main
goals were MED investigations towards the upper fp shell,
and the extension of the results of Ref. [6] by comparing
B(E2; 10+ → 8+) and B(E4; 10+ → 6+) strengths.
The upper spectrum in Fig. 1 reveals six delayed γ-ray
transitions at 146, 451, 1227, 1327, 1392, and 3241 keV,
all having the same lifetime of τ ∼ 220 ns. The 451, 1227,
and 1392 keV represent the known 6+ → 4+ → 2+ →
0+ cascade in 54Ni. The new 146 and 3241 keV lines are
the 10+ → 8+ and 8+ → 6+ transitions; they are found
in coincidence with the known cascade, which is proven
by Fig. 1(b). Here, another weak but distinct line can be
discriminated at 3386 keV, which marks the 10+ → 6+
E4 branch of the isomeric decay.
Interestingly, the 1327 keV line seen clearly in Fig. 1(a)
is absent in Fig. 1(b). Since it exhibits (within uncertain-
ties) the same half-life as the other transitions and because
it fits in energy, we associate it with the 9/2− → 7/2−
ground-state transition in 53Co, which must be emitted sub-
sequent to a 1.28 MeV direct proton decay of the 10+
0
200
400
600
800
500 1500 2500
E  (keV)
 (a)
 (b)
0
200
400
600
Co
un
ts
 p
er
 c
ha
nn
el
14
6
14
6
45
1
45
1
12
27
12
27
13
27
13
92
13
92
32
41
32
41
32
41
33
86
s.
e
.
3220 3260 3300 3340 3380 3420
0
20
40
60
Figure 1: (a): γ-ray singles spectrum in the time range
0.05 μs ≤ t ≤ 1.0 μs following the implantation of 54Ni
ions. (b): γγ correlation spectrum in coincidence with one
of the 451, 1227, or 1392 keV transitions. Timing condi-
tions as in (a) are applied, but less restrictive FRS gates.
isomer in 54Ni. This marks the first (indirect) evidence
for proton emission following a fragmentation reaction and
brings the associated research field back to its roots: direct
proton decay was first observed in 53mCo in 1970 [9].
This work is supported by the European Commission
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  The first experiment using the RISING array in its 
Stopped Beam configuration investigated nuclear struc-
ture along the N=Z line approaching 100Sn. Specifically, 
decays from isomeric states in the N=Z nuclei 82Nb and 
86Tc were used to shed light on the competing roles of 
T=1 and T=0 proton-neutron pairing in nuclei. The nuclei 
of interest in were populated following the projectile frag-
mentation of a 750 MeV/u 107Ag primary beam on a 
4g/cm2 beryllium production target with typical intensi-
ties of 1x109  to 3x109 particles per extraction spill, which 
was 10 seconds long. Standard time of flight, position, 
and energy loss parameters were used to provide unambi-
guous particle identification through the FRS (see Fig. 1).  
 
 
Figure 1: Calibrated identification spectrum centred on 
the N=Z line following the fragmentation 107Ag. 
 
At the end of the FRS, the ions passed through a variable 
thickness aluminium degrader such that the ions of inter-
est came to rest in a passive stopper placed in the centre 
of the RISING array. In this experiment, the stopper was 
made from a multi-layered perspex block of total thick-
ness 7 mm. Delayed γ rays were then detected using the 
RISING array. Examples are provided in Fig. 2. 
 
 
Figure 2: Time and γ-ray spectra associated with decays 
from isomeric states populated following the fragmenta-
tion of 107Ag. (Left) Singles and  γ-ray coincidence spec-
tra associated with the isomer in 86Tc. (Right) Singles 
spectra showing the γ-ray transitions and decay curves for 
isomeric decays in 87,88Tc and 82,84Nb.  
 
The data are currently under final analysis and initial 
results have already been submitted for publication [1].  
Decay schemes for the heavy odd-odd N=Z nuclei  82Nb 
and  86Tc could be constructed for the first time.  
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The experiment S305 within the RISING stopped beam
campaign has been devoted to the search for new isomeric
states in nuclei around the doubly magic 132Sn. The nuclei
of interest were produced by the fragmentation of a 136Xe
primary beam provided by the SIS accelerator at GSI on a
beryllium target at an energy of 700 MeV/u. The reaction
products were identified ion by ion in the FRS using the Bρ
- ΔE - Bρ method. Finally the ions were slowed down in
a degrader and implanted in a passive stopper in the final
focal plane of the FRS. γ-rays emitted in the decay of iso-
meric states have been measured in coincidence with prop-
erly identified and implanted ions using the RISING Ge-
array. The latter comprises fifteen Cluster detectors from
the former EUROBALL, i.e. 105 Ge crystals, arranged in
three rings of five detectors each. This high granularity,
which drastically reduces the problems caused by the so-
called ”prompt flash”, combined with the high detection
efficiency guaranteed the success of the RISING stopped
beam experiments. The timing of the observed γ-rays has
been determined in three independent ways, namely using
the internal clock of the DGF modules (time stamping in
steps of 25 ns) and two conventional timing branches with
a short (t ≤ 1 μs) resp. long range (t ≤ 0.8 ms) [1]. It was
therefore possible to detect isomeric decays over a large
dynamic range.
The main goal of this experiment has been the identification
of an expected 8+ isomer in 130Cd - searched for already
in a series of experiments performed at GSI, MSU and ILL
Grenoble. Most of the beam time has therefore been spent
on an FRS setting centered on this nucleus. Some time,
however, has been devoted to the study of the lighter Cd
isotopes using a setting centered around 126Cd. In these
two settings seventeen new (unpublished) isomeric decays
have been observed in the Ag, Cd, In and Sn isotopes as
indicated in Fig. 1. Some of the γ-transitions observed in
these decays had already been seen in experiments during
the isomeric campaign at GSI some years ago (mainly In
isotopes) [2] and in a recent experiment performed at MSU
(mainly Ag and Cd isotopes) [3]. However, in these former
experiments no definite conclusions concerning the decay
schemes could be drawn due to a lack of statistics.
Figure 1: Nuclei in which new isomeric states have been
identified in experiment S305 (triangles).
As an example we will discuss here the case of 128Cd.
Before our experiment only two γ-rays (645 and 784 keV)
had been observed in an β-decay experiment at ISOLDE
[4]. We now observed five additional γ transitions in coin-
cidence with 128Cd ions implanted in the stopper. A care-
ful analysis of their decay curves has shown that they are
emitted following the decay of two different isomeric states
with lifetimes of approximately 5.3 μs and 500 ns.
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Nuclear structure studies in vicinity of the doubly 
magic nuclei located far off stability gained recently an 
increased interest with the new approach of shell evolu-
tion phenomena [1]. In addition, for the most exotic nu-
clei shell quenching is expected as a consequence of a 
change of the nuclear potential from Woods-Saxon to 
Harmonic Oscillator like shape [2,3]. Based on these 
works a question was posed if for 132Sn core possibly 
shell quenching could be observed.  
The experiment was performed as a continuation of a pre-
vious study [4] and focused on the 132Sn region utilizing 
significantly increased 238U beam intensity at GSI and an 
improved experimental setup. The main goal of the ex-
periment was the search for isomeric states in nuclei clos-
est to the magic nucleus in order to extract information on 
sustainability of the Z=50, N=82 shell gap. The experi-
ment was combined with the S305 experiment pursuing 
similar goals. The comparison of two different production 
methods yielded additionally information on reaction 
mechanisms which is of importance for future projects. 
The experiment was performed within the RISING 
Stopped Beam Campaign (July 2006). Experimental de-
tails are described in Ref. [5]. The FRS [6] was set for 
nuclei arriving to the final focal plane according to their Z 
versus A/Q values as shown in Fig. 1. The decay of the 
isomeric states which survived the flight time through the 
FRS was measured in the RISING array. 
 
Figure 1: Nuclei observed at the final focal plane of the 
FRS according to their Z and A/Q. 
Two of the many spectacular results of the two combined 
experiments were the observation of isomeric states in 
130Cd [7] and 131In. The isomeric decay of 131In consists of 
just one γ-ray transition at about 3.8 MeV energy as 
shown in Fig. 2. It probably represents the N=82 core 
excitation as the ½- state is known as β emitter at ~300 
keV. Based on that result the N=82 shell gap energy can 
be estimated after a detailed analysis of the still prelimi-
nary data. The shell model interpretation of the N=82 core 
excitation of 132Sn is a challenge to infer adequate realis-
tic interactions and to develop powerful codes. 
 
Figure 2: γ-ray spectrum of the isomeric decay in 131In. 
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Introduction and experimental technique 
Recent experiments on the magnetic moments of μs 
isomeric states, within the framework of the g-RISING 
campaign [1] at GSI, have additionally allowed new 
measurements of isomeric lifetimes in the very neutron 
rich side around the doubly magic 132Sn. These nuclei, 
which are very difficult to study, were produced by rela-
tivistic fission of 238U. Thus, the current motivation is to 
search for new high-spin isomers, as the reaction popu-
lates higher spins on average than other methods used in 
the past (β decay, neutron-induced fission, deep inelastic 
reactions). Since the nuclei in this vicinity have a particu-
larly simple structure, only a few particles and/or holes 
outside a doubly magic core, their investigations enable 
stringent tests of nuclear shell model theories.  
The present work reports on μs lifetime measurements 
of isomeric states in Sn and Sb isotopes based on an 
event-by-event time correlation between the fragments 
and the delayed γ-rays de-exciting the isomers in a range 
between ~200 ns (limited by the flight time of the ions 
trough the FRS [2]) and 20 μs. Except the accurate meas-
ure of the already known lifetimes in this region several 
new isomeric states are found.  
Analysis and results 
The isotope cocktail obtained in the fission reaction is 
demonstrated on Figure 1 by an identification plot, repre-
senting the element number (Z) vs. the mass over charge 
ratio (A/q) [2].  
Figure 1: An identification plot from a relativistic fission 
reaction. Encircled are all nuclei possessing known μs 
isomers. Nuclei with new isomers are marked with stars. 
All isotopes with μs isomers are encircled and their life-
times studied in the current analysis. Very often a single 
isotope has several isomers in the μs region with various 
values in the literature. A summary of the available 
knowledge i.e. for the Sn isotopes is compared with the 
present study in Table 1. In addition to the already known 
Table 1: Isomeric half-lifes for the studied Sn nuclei. 
isomeric decays several new ones are observed. They are 
marked on Figure 1 and Table 1 with stars. Two of them 
are predicted as the (27/2-) h11/2
−ν seniority (ν=3) isomers 
[5] and seen already in the lighter Sn nuclei [6]. The half-
lifes of these new isomeric states are found to be in the 
range 200 ns – 1 μs [12].  
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Sn Isomer T1/2 [μs] 
literature 
T1/2 [μs] 
this work 
124 10+ 
7- 
5- 
45(5) [3] 
3.1(5) [4] 
0.27(6) [4] 
44.9(6.7) 
3.05 (4) 
0.31(10) 
125 27/2- 
19/2+ 
0.23(3) [5,6] 
6.2 (7) [5] 
0.27 (11) 
6.12 (95) 
126 10+ 
7- 
7.6 [7] 7.7 (5) [6] 
6.6 (1.4) [4] 
7.72 (12) 
6.66 (79) 
127 (27/2-)* 
(23/2+) 
19/2+ 
- 
1.26(15) [7] 
4.5(3) [5,6] 4.8 (3) [7] 
0.26 (4) 
- 
4.61 (45) 
128 10+ 
* 
2.69(23) [8] 3.4 [9] 
- 
3.41 (48) 
0.30 (7) 
129 (27/2-)* 
23/2+ 
19/2+ 
- 
2.0(2) [7] 2.4(2) [10] 
3.2(2) [7] 3.6 (2) [10] 
3.7(2) [5] 3.9(4) [11] 
0.25 (9) 
1.32 (71) 
3.46 (38) 
130 10+ 1.5(2) [11] 1.61(15) [8] 1.54 (27) 
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Heavy nuclear species were populated in the projectile
fragmentation of an E/A=1 GeV, 208Pb beam. The nu-
clei of interest were studied within the RISING stopped
beam campaign [1]. The experiment’s main aim was the
study of the structure of the neutron-rich N=126 nucleus,
204Pt. 204Pt has four protons less than the doubly magic
208Pb, and its yrast structure is expected to be dominated
by the proton-hole orbitals πd3/2, πs1/2, πh11/2 and pos-
sibly πd5/2. Two isomeric decays have been observed (see
fig.1.). Based on the comparison with the two proton-hole
nucleus 206Hg [2] and shell model calculations it is ex-
pected that the two states have spin-parities of 5− and 10+,
respectively.
Figure 1: Delayed γ-ray spectra assigned to 204Pt over two
different time regimes. The lower and upper panels show
the decay from the (10+) and (5−) isomers, respectively
In addition, the observation of the previously identified
isomers will provide information on the angular momen-
tum population within the relativistic-energy fragmentation
process. Isomeric ratios will be determined for nuclei pro-
∗Work supported by EU, EURONS contract No 506065.
duced in different reaction mechanisms, such us ’cold frag-
mentation (204Pt, 206Hg) and ’hot fragmentation’ (190Pb).
Decays from the previously reported isomeric I = 27 and
I = (49/2) states in 148Tb [3] and 147Gd [4], respectively,
have also been observed. These isomeric decays represent
the highest discrete spin states observed to date following
a projectile fragmentation reaction.
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Figure 2: Delayed gamma-ray spectra associated with
148Tb and 147Gd. The transitions labeled with their en-
ergies in keV originate from the decay of the high spin iso-
mers I=27h¯ in 148Tb [3] and I=49/2h¯ in 147Gd [4], respec-
tively.
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We report results from a g-factor measurement of the 
19/2+, T1/2 = 4.5(3) μs isomer in 127Sn [1,2]. Such studies 
deliver valuable information about the structure of the 
neutron-rich nuclei in the vicinity of the doubly-magic 
132Sn. The experiment was done in relativistic projectile 
fragmentation within the RISING project [3]. The method 
of Time-Differential Perturbed Angular Distributions 
(TDPAD) was used for the measurement of the g factor of 
interest. It is based on the measurement of the Larmor 
precession of a spin-oriented nuclear ensemble in an ex-
ternal magnetic field. In order to preserve the spin orien-
tation obtained in the reaction, fully-stripped ions are 
separated at relativistic energies. Thus, ions heavier than 
A = 80 produced and separated as fully-stripped frag-
ments, are available only at GSI.  
The neutron-rich nuclei around A ≈130 were populated 
in relativistic projectile fragmentation of a 136Xe beam at 
E/A = 600 MeV on a thin 1024 mg/cm2 Be production 
target. The fully-stripped ions with energy of 300 MeV 
per nucleon were separated, tracked and identified on an 
event-by-event basis with the FRS at GSI and its ancillary 
detectors.  At the final focal plane of FRS the ions were 
implanted in a high-purity 2 mm annealed Copper plate, 
which provided a perturbation-free environment for the 
isomeric decay. A constant magnetic field B = 0.12 T in 
the vertical direction was provided. Coincidences between 
the ion signals from the FRS detectors and the decay γ 
rays, detected with eight Cluster Ge detectors mounted in 
the horizontal plane, were recorded within a time window 
of 12 μs and analysed with the CRACOW software [4]. 
The magnitude and sign of the alignment of the nuclear 
spin ensemble depends on the longitudinal momentum 
distribution [5], which was measured by the position sen-
sitive scintillator detector in the second focal plane of 
FRS. The experimental set-up is discussed in more detail 
in Ref. [6]. 
The angular distribution of the intensity of the γ decay 
varies with the Larmor frequency ωL = -gμNB/ħ. To ex-
tract the g factor from the measured time spectra, they are 
combined in R(t) functions for each γ transition, which do 
not depend on the isomeric decay constant. Theoretically 
it has highest amplitude for the detectors placed at 90° 
with respect to each other and at 45° to the beam axis in 
horizontal plane: R(t,ωL) = 3A2B2sin(2ωLt)/(4 + A2B2), 
where A2 is the angular distribution coefficient, depending 
on the details of the γ decay, B2 is the orientation parame-
ter, depending on the degree of alignment produced in the 
reaction. 
Figure 1: Left: Partial level scheme of the decay of the 
19/2+ isomer in 127Sn [1]; Right: R(t) functions for the 
1095 keV transition (up) and for the 715 keV transition 
(down) at the wing of the momentum distribution. 
The R(t) functions for the 1095 keV and 715 keV γ rays 
in the outermost wing of the momentum distribution are 
presented on Figure 1. They display opposite phase, 
which is in disagreement with the published level scheme 
[1]. For the R(t) function of the 715 keV transition ∼ 104 
photopeak events were used in the data analysis, which 
sets the limit for such experiments. The obtained absolute 
value of the g factor is |g| ≈ 0.16. It is in agreement with 
theoretical calculations based on the empirical g factors 
and the assumption for the main component of the wave 
function based on systematics: g(s1/2-1h11/2-2) ≈ -0.156, and 
with large-scale shell model calculations. These results 
will be discussed in detail elsewhere [7]. 
The results from the g-RISING campaign for the g fac-
tor of the 19/2+ isomer in 127Sn show that significant 
alignment (∼10%) is observed in the wing of the momen-
tum distribution. The present experiment provides a 
benchmark (in terms of intensity of the isomeric beam 
and number of detected γ rays) for further studies of elec-
tromagnetic moments of isomers in nuclei farther away 
from stability. 
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g-factor measurements in neutron-rich Sn isotopes using relativistic isomeric
beams produced by U-fission at RISING, GSI∗
G. Ilie1,2, J. Jolie1, G. Neyens3, G. Simpson4,5, R. Lozeva3,6, and N. Vermeulen3
1IKP, Koln, Germany; 2NIPNE, Bucharest, Romania; 3IKS, Leuven, Belgium; 4ILL, Grenoble, France; 5LPSC,
Grenoble, France; 6Univ. Sofia, Sofia, Bulgaria for the g-RISING collaboration†
Nuclei far from the valley of stability have become more
accessible in recent years through the use of radioactive
ion beams. The measurement of the magnetic moments
of excited nuclear states, expressed by the g-factor, is a key
topic to study the detailed structure of such nuclei and to in-
vestigate the single-particle configuration of nuclear states.
High-spin isomers in the region of doubly-magic nuclei
often have a rather pure single-particle configuration, for
which the g-factor is a very good observable to determine
the valence nucleon configuration [1].
The present study of the magnetic moments in the
neutron-rich nuclei around 132Sn was performed using the
FRS-RISING setup at GSI [2]. For the measurement of
the g-factors, the method of time-differential observation
of the perturbed angular distribution (TDPAD) of deexcit-
ing γ-rays has been applied. This technique is based on the
interaction of the magnetic moment with an external mag-
netic field.
The nuclei of interest were produced in a relativistic fis-
sion reaction of a primary 238U beam from the SIS with an
energy of≈750 MeV/u and an average intensity of 108 ions
per second impinging on a thin 9Be (1g/cm2) production
target placed in front of the fragment separator FRS. The
reaction products were selected and identified in the FRS
by their magnetic rigidity and their specific energy loss
in the degraders. Scintillators, multi-wire-proportional-
counters and the ionisation chamber MUSIC were used to
identify the ions in A and Z and to track their positions [2].
The final reaction products were stopped in a 2 mm thick
Copper foil which was used as an implantation host and
provided a perturbation-free environment for the implanted
isomers. The plate was placed between the poles of an elec-
tromagnet and a magnetic field B≈0.70T was applied per-
pendicular to the beam axis plane and was periodically re-
versed. After implantation the nuclei of interest were iden-
tified based on an event-by-event time correlation. Coinci-
dences between particle signals from the FRS detectors and
the delayed γ-rays deexciting the isomers were recorded.
The γ-rays emitted by the isomeric levels were measured
by 8 Euroball Ge-Cluster detectors of the RISING setup
[2], mounted in a ring in the horizontal plane and placed
at 45 degrees with respect to the beam line and at relative
angles of 30 degrees to each other.
The aim of this experiment was to measure the spin-
alignment in projectile fission at relativistic energies, as
well as the g-factor of these isomeric states in neutron-rich
∗Work supported by EU, EURONS contract No. RII3-CT-2004-
506065 and BMBF grant 06KY205I.
† See annex.
Sn isotopes. The results for the (19/2+) isomeric state with
a t1/2=4.5(3)μs in 127Sn [3] will be reported here.
In the offline analysis we formed time gated energy spec-
tra and energy gated time spectra for each of the detectors
using the SPY/CRACOW software [4]. From the energy
gated time spectra we deduced the lifetime and we found
a value in agreement with the previous values from the lit-
erature [3]. For the determination of the g-factor we used
the time spectra obtained for each of the two magnetic field
orientations to form the experimental R(t) function:
Rexp(t) =
N↑(t, θ, ωL)−N↓(t, θ, ωL)
N↑(t, θ, ωL) + N↓(t, θ, ωL)
(1)
which is no longer dependent on the isomeric decay con-
stant. This Rexp(t) function has the highest amplitude for
the detectors at ±450 and ±1350 and for these detectors it
is fitted with the theoretical function:
Rtheor(t) =
3A2B2
4 + A2B2
sin(2ωLt) (2)
ωL = gBµnh¯ is the Larmor frequency from which we can
deduce the g-factor. The absolute value of the g-factor
deduced from the fit is |g|≈0.16 which is in agreement
with the empirical g-factor for a ν(h−2
11/2s
−1
1/2) configura-
tion, gemp=0.16. As an example the Figure 1 shows an
autocorrelation analysis of the data (note that this does not
show the real amplitude).
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Figure 1: Preliminary result of the autocorrelation analysis
for the (19/2+) isomer in 127Sn.
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Pygmy dipole resonance in 130,132Sn isotopes and the neutron skin thickness
A.Klimkiewicz and N.Paar for LAND-FRS S221 Collaboration
The pygmy dipole resonance (PDR) manifests itself as
a concentration of dipole strength near the neutron sepa-
ration threshold below the giant dipole resonance (GDR)
domain. It is related to structural changes in nuclei with a
large neutron excess giving rise to a neutron skin. Accord-
ing to theoretical calculations, a very precise measurement
of the neutron skin thickness in heavy doubly magic nuclei
like 208Pb or 132Sn would help in constraining the neutron
matter equation of state [1, 2]. At present, the neutron mat-
ter radius in nuclei as a fundamental ground-state property
cannot be approached experimentally in a straightforward
way and its extraction from experimental data involves a
certain model dependence [3]. Existing results on the neu-
tron skin thickness are limited to stable nuclei. As sug-
gested in [4], the pygmy dipole strength modes provides in-
sight into the skin thickness as both quantities are strongly
correlated with the symmetry energy.
Low-lying E1 strength was observed in exotic 130,132Sn
isotopes in a kinematically complete measurement per-
formed at the LAND facility based on the relativistic
Coulomb excitation in inverse kinematics [5]. Dipole
strength distributions were deduced from the measured
energy-differential cross sections obtained in an invariant-
mass analysis applied to decay products and covered exci-
tation energies ranging from the neutron separation thresh-
old up to 25 MeV, including thus the GDR. The dipole re-
sponse emerging below the GDR is characterized by ex-
hausting 7(3)% and 4(3)% of the Thomas-Reiche-Kuhn
sum rule for 130Sn and 132Sn, respectively. In the same
mass region, stable N=82 isotones investigated in (γ, γ′)
reactions revealed a concentration of dipole strength below
the neutron threshold absorbing, however, a much smaller
fraction of the sum rule, below 1% [6]. We only briefly
mention that, in addition to 130,132Sn, we measured the
pygmy strength in neighbouring odd nuclei, which facili-
tate a comparison with the N=82 data [6] in an identical
excitation energy range. The resulting systematics reveals
a clear trend of strength increasing with the N − Z asym-
metry, for details see [7].
In this report we focus on the following issues : con-
straining parameters describing the symmetry energy and
extraction of the neutron skin thickness in 130,132Sn from
our data. Both goals were reached by using the relativis-
tic quasiparticle random phase approximation (RQRPA)
[9] with differently parametrized nucleon-nucleon interac-
tions, corresponding to a softer or stiffer neutron matter
equation of state, i.e. by varying the a4 parameter (i.e.
the symmetry energy at equilibrium density, see e.g. [3])
and, correlated to it, the slope of the symmetry energy. In
each case the parameter set was calibrated to accurately re-
produce the ground-state properties, like binding energies
or charge radii, for a standard set of stable nuclei. An al-
most linear correlation between the ratio of the non-energy
weighted strength absorbed by the PDR to that of GDR
and the neutron skin thickness has been found. By com-
paring the experimental values of this ratio with that from
the RQRPA, the parameters of the symmetry energy were
fixed. For instance an average value a¯4 = 31.8 ± 1.3
MeV in good agreement with considerations presented in
[10] has been obtained. Using this result subsequently the
neutron skin thickness of δr(130Sn) = 0.23 ± 0.03 and
δr(132Sn) = 0.24±0.03 fm were derived following a trend
established by a measurement in stable Sn isotopes [8], see
Fig.1. Results for the pygmy resonance in 208Pb [11] are
found to be consistent with the present analysis.
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Figure 1: Neutron skin in Sn isotopes. The data for stable
Sn isotopes (open circles) [8] are compared to our values
(filled circles) for unstable ones. Theoretical predictions
are from [4, 9].
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The complete understanding and modelling of proton-
induced spallation reactions is a major goal both for fun-
damental research and technical applications. The spalla-
tion reactions have attracted interest to develop intense 
neutrons sources needed for accelerator-driven systems 
(ADS) for incineration of nuclear waste [1,2], material 
physics and biology [3] and also to produce high-intensity 
radioactive beams [4]. In addition, spallation reactions are 
a subject of interest in astrophysics to understand the ori-
gin of cosmic rays and their reactions with the hydrogen 
and helium nuclei in the interstellar medium [5]. All these 
perspectives have triggered a long-range research pro-
gram [6] at GSI, devoted to reach a full comprehension of 
the proton and deuteron-induced spallation reactions by 
measurements of evaporation residues and fission frag-
ments. To complete the study on the energy dependence 
of the spallation process, the spallation reactions of 136Xe 
on protons at 500 A MeV and 1000 A MeV [7] were per-
formed at GSI. The new data will help to develop im-
proved models with better predictive power for spallation 
reactions involving nuclei spanning a wide mass range. In 
this paper, we will describe the experimental technique 
and the results obtained for the spallation of 136Xe on pro-
tons at 500 A MeV. 
Experiment and data analysis 
The experiment was performed at the Fragment Separator 
(FRS) at GSI. Deflection of ions in the dipoles of the 
FRS, and the energy loss in two ionization chambers were 
used to identify in mass and atomic number every residue 
of the reaction. The achieved resolution in atomic number 
amount to ΔZ ≈ 0.4, and in mass A/ΔA ≈ 400. Moreover, 
high-precision information on the kinematical properties 
of each residue has also been obtained. Measured yields 
were corrected for the transmission losses, for the losses 
due to the secondary reactions in different layers of mat-
ter, and for the losses due to the dead-time of the data 
acquisition system. The production cross sections were 
obtained after normalizing these yields to the number of 
atoms in the liquid hydrogen target and to the number of 
impinging beam particles. 
Results 
The measured cross sections of the isotopes of the ele-
ments between Z = 33 and Z = 56 produced in the 136Xe + 
1H spallation reaction at 500 A MeV are presented on Fig. 
1 as a cluster plot on the chart of nuclides. The results of 
the experiments showed that the nuclide cross sections 
strongly decrease below Z = 40 and fall below the detec-
tion limit of the experimental set-up (~ 3 μb) for elements 
below Z = 33. The measurement covers a range in cross 
section of more than 4 orders of magnitude between 70mb 
and 3 μb. The single and double charge-pickup channels 
were also observed. 
With data previously measured, these data will improve 
the present knowledge on spallation process, especially in 
its dependence on mass or on energy of the system. 
 
Fig. 1 Residual nuclide cross sections measured in the 
spallation reaction of 136Xe + 1H at 500 A MeV.  
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The properties of nuclei along the N = 126 neutron 
shell, "south" of lead are extremely interesting for the 
production of heavy elements in stellar nucleosynthesis 
through the r-process. Nuclei in this region have been 
produced using a 1 A GeV 208Pb beam by cold projectile-
fragmentation reactions in a beryllium target, where 
mostly protons are abraded from the projectile, while the 
excitation energy induced is low, partly even below the 
particle evaporation threshold. Neutron-rich projectile 
residues were analysed by the magnetic spectrometer FRS 
and identified in mass and atomic number, see Fig. 1. 
 
Figure 1: Identification matrix showing part of the most 
neutron.-rich nuclei produced in this experiment. The 
black lines represent the present limits of known nuclei. 
 
The production cross sections of more than 190 neu-
tron-rich isotopes of elements from lead down to ytter-
bium were measured with an uncertainty around 15%. 25  
of those have been produced and identified for the first 
time.  
Fig. 2 shows the isotopic distributions for some se-
lected elements in comparison with different model calcu-
lations. The semi-empirical formula EPAX v.2 [1] in gen-
eral fails in the description of the data; in particular the 
most neutron-rich nuclei are considerably overestimated. 
Much better agreement is found for the COFRA code [2], 
which is an analytical formulation of the abrasion-
ablation model [3]. The good description of the data con-
firms that that reaction channels leading to the production 
of the most neutron-rich nuclei are due to large fluctua-
tions in both the N/Z and the excitation energy of the pre-
fragment.  
 
Figure 2: Isotopic production cross sections of some se-
lected residual elements measured in this experiment 
compared to two model calculations, EPAX [1] (dahsed 
line) and COFRA [2] (solid line). 
 
Our experiment has proven that cold fragmentation is a 
suitable reaction mechanism for the production of ex-
tremely neutron-rich nuclei, which are too heavy to be 
produced as fission fragments. This opens a way for in-
vestigating the properties of heavy nuclei close to the r-
process path. 
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Spallation is the reaction of a light hadron with an atomic
nucleus. As such, it can be seen as a way to study the de-
excitation mechanism of a hot nucleus with small reaction
effects like compression and high angular momentum. Its
detailed understanding is also necessary for its different ap-
plications in astrophysics, spatial technology, medicine and
the design of accelerator driven systems (ADS). Spallation
reactions can be described in a two-step model, starting
with an intranuclear cascade (INC) phase during which the
incoming proton loses part of its initial kinetic energy in
collisions with nucleons of the target. The INC leads to the
formation of a hot system, the prefragment, whose decay is
described by statistical models in a second step.
The SPALADIN collaboration [1] has measured the
spallation reaction    in inverse kinematics detecting
in coincidence the charged fragments, both light and heavy,
and the neutrons. Because of the inverse kinematics, most
of the INC particles are not detected and low center-of-
mass energy fragments are measured with full efficiency.
The detection set-up was described in [2, 3]. It was based
on the ALADiN magnet set-up of the Cave B of GSI (TP
MUSIC 4, the ToF wall & LAND) with specific residue
tracking detectors behind the liquid hydrogen target. To re-
duce the detection bias a low-selectivity trigger was used:
A beam trigger and/or one neutron in LAND.
The analysis of the 1  per nucleon data has been
completed [3] and the comparison with reaction models is
being performed. The results in Fig. 1 show the contribu-
tions of the different identified final states to the production
cross-sections of elements characterized by their charge .
The data (graph on the bottom-right) and the curves in the
other plots of this figure) point to the importance of asym-
metric splittings of the prefragment for the production of
fragments with   . This explains why GEMINI [4]
coupled with INCL4 [5] provides a better description of
the data than the two other de-excitation codes SMM [6], &
GEM [7] combined with INCL4. Other observables of the
experiment are presently investigated. As shown on Fig. 1
above   , events are mainly one-residue events.
 Work supported by the European Union under contract RII3-CT-
2004-506065
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Figure 1: Contributions of the different final states to the el-
ement production cross-sections, calculated with the GEM-
INI, SMM and GEM (histograms), coupled to INCL4, are
compared to the experimental data given by the solid lines
and by the plots of the bottom-right graph.
The experiment on the system    will be followed
with almost the same set-up, but in Cave C, by two others,
recommended by the EA of GSI: S293 and S304. S293
will be a study of the fission channels in the spallation of
heavy nuclei; S304 will allow to study the evolution of the
prefragment decay with its size and excitation energy.
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 While transferring energy between the collective and 
intrinsic degrees of freedom of the system, viscosity intri-
cately influences nuclear dynamics. Fission of highly ex-
cited spherical nuclei provides optimal conditions for 
probing this dissipation phenomenon. In nuclei, when the 
system is initially well-localized around its spherical 
ground-state minimum, any shape evolution is exclusively 
initiated by dissipative forces. A finite time, referred as 
the transient time τtrans, is then required for populating the 
states at the fission barrier [1]. Information on the 
strength β of nuclear viscosity at small deformation can 
be directly inferred from τtrans. Most direct probes of fis-
sion times are pre-scission multiplicities of light particles 
and γ-rays as they can be associated with a clock (see [2] 
and therein). Yet, they give access to the total reaction 
time encompassing, in addition to τtrans, the compound 
nucleus formation time, the statistical decay time and the 
saddle-to-scission time. Hence, experiment is not able to 
isolate the various stages of the process, and the analysis 
relies on the interplay of complex influences caused by 
the poorly known dependences of dissipation on deforma-
tion, temperature, angular momentum and fissility. This 
difficulty explains the still vivid debate on both the origin 
and magnitude of nuclear viscosity. We presently report 
on the first realization of experimental conditions which 
are ideal for isolating the early τtrans contribution. Highly 
fissile nuclei characterized by well-defined initial condi-
tions  - in excitation energy, angular momentum and de-
formation - have been produced by fragmentation of ra-
dioactive beams. In addition, the width of the fission-
fragment charge distribution σZ, which is sensitive to the 
limited region inside the fission saddle [3], has been accu-
rately measured, yielding a chronometer at the saddle. 
The above ideal scenario was successfully realized by 
an intense experimental effort invested at GSI [4]. Frag-
mentation of a primary stable 238U beam at 1 A GeV in a 
beryllium target produces a large variety of nuclei among 
which 45 radioactive highly fissile spherical astatine up to 
thorium isotopes. The latter, separated and identified with 
the Fragment Separator, acted as secondary relativistic 
beams. Fragmentation of these projectiles in a secondary 
lead target yields pre-fragments with high excitation en-
ergies [5], small angular momenta [6] and still nearly 
spherical shapes [7]. The pre-fragment finally de-excites 
by a competition between fission and evaporation. Both 
fission fragments were detected simultaneously and accu-
rately identified in atomic number thanks to the use of a 
double-ionisation chamber (ΔZ1,2 = 0.4 for FWHM). 
The measurement of the sum Z1+Z2 of the charges of 
the two fragments allows judiciously classifying the data, 
since Z1+Z2 is correlated to the initial excitation energy 
Eprf of the pre-fragment [3] – the lower the Z1+Z2, the 
higher the Eprf. In Fig. 1. the experimental σZ is seen to 
increase with decreasing Z1+Z2, i.e. increasing tempera-
ture. To investigate the slope of this rise, we use the reac-
tion code ABRABLA which reliability has been widely 
assessed for the present purpose [8]. As seen in Fig. 1. a 
good agreement is achieved with β=(4.5±0.5).1021s-1 in-
dependent on Z1+Z2 i.e. independent on Eprf [9]. That cor-
responds to a transient time of <τtrans> = (3.3±0.7).10-21s. 
Also displayed, are the predictions of Bohr-and-Wheeler 
transition state model [10] and Kramers diffusion picture 
[11]: Both overestimate the experimental σZ due to the 
absence of the transient delay. 
The control of the initial conditions achieved in our ex-
periment constitutes a step further as compared to previ-
ous works, and the result points out the undeniable mani-
festation of transient effects at high excitation energy. The 
magnitude extracted for the dissipation strength at small 
deformation is an information of importance for our mi-
croscopic understanding of nuclear viscosity. 
 
 
Figure 1: Width σZ as a function of Z1+Z2 for a sample of 
spherical beams as indicated. The data (dots) are com-
pared with Bohr-and-Wheeler- (dotted lines), Kramers- 
(dashed lines) and ABRABLA Γf(t)- (full lines) predic-
tions. In the two latter cases,  β  is set to 4.5.1021s-1. 
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The HypHI project aims to perform hypernuclear spec-
troscopy with stable heavy ion beams and rare-isotope
beams at GSI and FAIR [1, 2]. With heavy ion beams im-
pinged on stable target materials, hypernuclei can be pro-
duced as projectile fragments with a coalescence of hy-
peron(s) produced in the participant region of the collision
[3, 4]. Since the velocity of produced hypernuclei is as
large as the one of projectiles, hypernuclei can live longer
in the laboratory system by the Lorentz factor. At 2 A
GeV the mean-life of hypernuclei (typically about 200 ps
at rest) will be approximately three times longer than at
rest, therefore, the decay of hypernuclei takes place well
behind the target. At 20 A GeV, hypernuclei mean-life is
longer as 20 ns, therefore, separation of hypernuclei with
magnetic spectrometer could be feasible. With heavy ion
induced reactions, produced hypernuclei can be distributed
from neutron- to proton-drip lines, therefore, studies of hy-
pernuclei at extreme isospins will be reachable. At 20 A
GeV, direct measurements of hypernuclear magnetic mo-
ments will be feasible by measuring perturbed asymmetry
of π− emission from the hypernuclear decay.
The project is divided in four phases [1]. The first Phase
0 experiment at GSI aims to prove the principle of the
project with an invariant mass method for 3ΛH,
4
ΛH and
5
ΛHe
hypernuclei with a 6Li beam at 2 A GeV on a carbon tar-
get [5]. Phase 1 at GSI will study proton rich hypernuclei.
The Phase 2 and 3 experiments suggest to be taken place at
FAIR. Phase 2 for neutron rich hypernuclei is planned with
R3B, and a hypernuclear separator with heavy ion beams at
20 A GeV is planned to be developed in Phase 3 for mea-
surements of hypernuclear magnetic moments.
The HypHI collaboration is currently working on the
Phase 0 experiment which is planned in 2008 in cave C
with the ALADiN dipole magnet. A carbon target will be
placed in front of the ALADiN magnet with a distance of
2.35 m from the magnet center. In front of the target, there
is a polycrystalline diamond detector as a start counter of
Time-Of-Flight (TOF) measurements. Between the tar-
get and the ALADiN magnet, there will be three arrays
of scintillating fiber detectors with two-dimensional posi-
tion sensitivity. The array located right behind the target
∗The HypHI project is granted by the Helmholtz Association and GSI
as Helmholtz-University Young Investigators Group VH-NG-239 with
Mainz University
† t.saito@gsi.de
measures the position of the primary vertex and energy de-
position of particles from the target. Two other arrays mea-
sure secondary decay vertexes of emitted particles from Λ-
hyperons and hypernuclei behind the target. Developments
of these fiber detectors are discussed in these Scientific Re-
ports by ref. [6]. Behind the ALADiN magnet, there are
two TOF walls. Negatively charged pions are measured by
the exiting ALADiN TOF wall, and positive charged parti-
cles are measured by a newly developed TOF wall refereed
as TOF+. Details on TOF+ is discussed in these Scien-
tific Reports by ref. [7]. The trigger system consists of
three levels, with tracking trigger by fiber detectors for sec-
ondary decay vertexes, π− trigger by the ALADiN TOF
wall and Z = 2 particle trigger by TOF+ [2]. A total trig-
ger efficiency of 7 % is observed by Monte Carlo simula-
tions, discussed in these Scientific Reports by ref. [8]. The
expected performance in the Phase 0 experiment has been
investigated by means of Monte Carlo simulations for 4ΛH,
and a clear invariant mass peak on the background with a
resolution of approximately 3 MeV in σ has been observed.
Details of simulations are also discussed in these Scientific
Reports by ref. [8]. In addition to these detectors described
above, a K+ detector in the ALADiN magnet and three
layers of drift chambers will be employed. Monte Carlo
simulations including all the detectors are still in progress.
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The HypHI project aims to study exotic hypernuclei pro-
duced as projectile fragments by heavy ion collisions [1].
In the initial phase (phase-0), a feasibility will be demon-
strated by identifying mesonic decays of the lightest hyper-
nuclei, 3ΛH →3He + π−, 4ΛH →4He + π− and 5ΛHe →4He
+ p + π− [2]. The experimental design of the phase-0 has
been studied with the help of Monte Carlo (MC) simula-
tions and the results are summarized in this report.
The detector system has been designed to track decay
products of hypernuclei produced as projectile fragments
by collisions of a 6Li beam of 2 A GeV and a 12C tar-
get. Figure 1 shows the detector setup which consists of
3 layers of scintillating fiber detectors, TR0, TR1 and TR2,
to measure trajectories and decay vertices, TOF-start and
TOF-walls to give velocity, energy deposit and position in-
formation, and the ALADiN dipole magnet to analyze mo-
mentum [3]. Hadronic reactions at the target were simu-
lated with the ultrarelativistic quantum molecular dynam-
ics model (UrQMD) [4], and nuclei in projectile fragments
were formed by binding nucleons with projectile rapidity.
Geant4 was used to simulate reactions of outgoing particles
from the target through the detector system.
Figure 1: The detector setup for the phase-0 experiment.
Detailed MC simulations in the case of 4ΛH have been
performed, and resulting momentum resolutions of de-
cayed particles are 320 MeV/c in σ for α and 8.2 MeV/c for
π−. The spatial resolution of decay vertices, which is very
crucial to reduce background, was found to be 5 mm in σ
along the beam axis, and 0.3 mm along axes perpendicular
to the beam. Background processes and events with 4ΛH are
simulated separately and normalized assuming a produc-
tion cross section of 4ΛH is 0.1 μb [5]. The reconstructed
invariant mass spectrum is shown in Figure 2, in which a
∗The HypHI project is supported by the Helmholtz Association and
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with Mainz University
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clear peak whose width is 3.0 MeV/c2 in σ can be observed
on top of broad background. It is planned to use a beam in-
tensity of 107 particles per second and a target thickness of
8 g/cm2, which will give a few thousand reconstructed 4ΛH
per week according to the MC simulation. The estimated
yield is high enough to study production cross sections and
to demonstrate the feasibility of the project.
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Figure 2: The invariant mass spectrum for 4ΛH.
An efficient trigger system is essential because of an ex-
pected high reaction rate. The trigger system was designed
to select events with decay vertices in a decay volume lo-
cated between TR0 and TR1, which can be achieved by
requesting special hit patterns on TR0, TR1 and TR2. The
decay modes of interest contain α and π− in the final state,
therefore the trigger was designed to request at least one
hit with large energy deposit by α at the positive side of the
TOF-wall and at least one hit at the negative side. The MC
simulation shows that the efficiency to select 4ΛH is 7.0%
with the trigger algorithm. The trigger rate of 340 Hz was
obtained which fulfills the constraint given by the DAQ.
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A variety of scientific disciplines makes use of radioac-
tive isotopes in the form of a low-energy ion beam or an 
ion or atom cloud in a trap. As in-flight radioactive ion 
beam facilities produce and select isotopes at high energy, 
ion catcher techniques to transform high-energy ions into 
low-energy ones are essential. The extremely high ion 
energies at planned facilities causes technical as well as 
principle problems for the standard ion catcher technique 
using noble gases at room temperature. 
We are investigating the use of cryogenic noble gases 
as stopping media. The feasibility of the cryogenic ap-
proach was demonstrated earlier using alpha-decay recoil 
ions from a 223Ra source [1]. More recently, we investi-
gated the effect of ionisation of the helium gas, as this 
determines the maximum beam intensity the system can 
handle. A 13 MeV proton beam from the cyclotron at the 
University of Jyväskylä, Finland, was used to ionise the 
helium gas just above the 223Ra source (figure 1). The 
combined efficiency of survival and transport over several 
centimetres of the recoil ions was measured as a function 
of ionisation density (i.e. beam intensity), electric field 
strength, and helium pressure and temperature. 
 
 
Figure 1: Cryostat coupled to a beam line at the Accelera-
tor Laboratory of the University of Jyväskylä. 
Figure 2 compares part of our results to the efficiency 
of extracting ions as a low-energy beam for a variety of 
room-temperature systems. At low ionisation density, the 
efficiency saturates to a maximum of a few 10s of per-
cent. The saturation efficiency we obtained (30%) is the 
same as in the earlier experiment without ionising beam 
[1]. The extreme purity of cryogenic noble gases allows to 
conclude that the maximum efficiency is determined by 
the cross section of the relevant charge exchange reac-
tions during slowing down of the ions in the stopping gas. 
Our results demonstrate the importance of a high elec-
tric field to quickly pull ions and electrons apart and as 
such reduce the neutralisation probability. Part of the dif-
ferent behaviour of the room-temperature systems may be 
related to space-charge limitations in the extraction of 
ions through a small hole; an issue not relevant for our 
results as we do not extract ions from the stopping gas. 
 
 
Figure 2: Survival and transport efficiency at low tem-
perature, high density (circles: 77 K, 0.18 mg/cm3, trian-
gles: 10 K, 0.18 mg/cm3, squares: 10 K, 0.54 mg/cm3) and 
high electric field (160 V/cm) compared to a compilation 
[4] of extraction efficiencies from systems at room tem-
perature, lower density (0.02-0.10 mg/cm3) and smaller 
electric field (10-25 V/cm). 
We have shown that cryogenic helium at high density 
and high electric field is a promising medium for the 
transformation of very high-energy ions into low-energy 
ones. It has the advantage of very high gas purity and 
small size. Next, a cryogenic gas catcher in which high-
energy heavy ions will be stopped and extracted as a low-
energy beam will be designed and tested. In connection 
with FAIR, we also plan to further develop the use of su-
perfluid helium as ion catcher stopping medium [2,3]. 
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Nuclear Structure within the Fermionic Molecular Dynamics Approach
T. Neff1,2, S. Bacca1, and H. Feldmeier1
1GSI, Darmstadt, Germany; 2NSCL, Michigan State University, 48823 East Lansing, MI, USA
The Fermionic Molecular Dynamics (FMD) model has
been used successfully for the description of light nuclei in
the p- and sd-shell. One important feature is the versatility
of the Gaussian single-particle basis that allows to include
shell effects as well as clustering and halos.
Hoyle-State
Recently we used the FMD model to study the con-
jecture that the first excited 0+ state in 12C (Hoyle state)
forms a dilute self-bound gas of α-clusters [1]. The Hoyle
state plays a prominent role as a prototype for α-cluster
states. Even the most recent no-core shell model calcula-
tions fail to describe these states due to insufficient model
space sizes. While cluster models have been used for the
description of the Hoyle state for a long time [2], they rely
on very simple effective interactions and fail to provide a
consistent picture with the low lying states.
In our calculation we use the FMD model with an effec-
tive nucleon-nucleon force derived from the realistic Ar-
gonne V18 interaction by means of the Unitary Correlation
Operator Method. A phenomenological two-body correc-
tion term is added to account for missing three-body forces.
We diagonalize the Hamiltonian in a basis of 42 FMD con-
figurations obtained by Variation after Projection on angu-
lar momentum 0+ with constraints on radii and intrinsic
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Figure 1: Measured and calculated (FMD solid lines, α-
cluster dashed lines) electron scattering cross sections in
12C for the ground state, the transition from the ground into
the Hoyle and for the Hoyle state (left). Corresponding
charge densities (right).
quadrupole deformation and 165 explicit α-cluster config-
urations. These α-cluster configurations cover the model
space of the microscopic α-cluster model. For the ground
state we find an overlap of 0.52 with the α-cluster space.
This illustrates the importance of shell model like config-
urations where the α’s are broken by the spin-orbit force.
The Hoyle state has a much more pronounced α-structure
with an overlap of 0.85. To test our wave functions we
calculate the densities and form factors for the FMD and
also for a microscopic α-cluster model and compare with
electron-scattering data in Fig. 1. The FMD results con-
firm the interpretation of the Hoyle-state as a dilute gas of
α-clusters as proposed by the pure α-cluster models.
Isospin degree of freedom
As one of the new developments in FMD the isospin ori-
entations of the nucleons are treated as variational parame-
ters. This allows for intrinsic correlations among spatial,
spin, and isospin degrees of freedom, which are mainly
induced by the exchange of the pseudoscalar isovector
pion. While the short-range part of the tensor correla-
tions is treated explicitly with the Unitary Correlation Op-
erator Method the long-range tensor correlations are in-
corporated by an intrinsic many-body state which breaks
parity and charge number. In the calculation the varia-
tion of the single-particle degrees of freedom is done after
restoring the symmetries by projecting on parity, total spin
and charge number. The non-vanishing spin- and isospin
vector-densities of the intrinsic state (see Fig. 2) illustrate
the presence of the virtual pion field.
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Figure 2: Spin- and isospin-density in 4He. Arrows denote
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ing to absolute values.
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Benchmarking VUCOM in the No-Core Shell Model ∗
R. Roth1 and P. Navra´til2
1Institut fu¨r Kernphysik, TU Darmstadt, Germany; 2LLNL, Livermore, CA 94551, USA
One of the prime goals of modern nuclear theory is the
description of low-energy nuclear structure on the basis of
QCD-motivated realistic nucleon-nucleon interactions. For
p-shell nuclei this can be achieved, e.g., within the ab ini-
tio no-core shell model (NCSM), which provides an essen-
tially exact solution of the quantum many-body problem
[1]. However, to cover the nuclear chart beyond the p-shell
one has to resort to approximate many-body schemes. In
contrast to the NCSM, those approaches cannot describe
the strong short-range correlations induced by realistic in-
teractions and, therefore, rely on effective interactions.
One scheme to derive a universal phase-shift equiva-
lent effective interaction is the unitary correlation oper-
ator method (UCOM) [2]. The short-range central and
tensor correlations are described explicitly by a system-
independent unitary transformation. The unitary transfor-
mation of the Hamiltonian defines the correlated interac-
tion VUCOM. Unlike the bare NN potential, the Argonne
V18 potential in our case, the correlated interaction has two
important properties: (i) It is a soft interaction, which does
not induce strong short-range correlations anymore. In the
language of the shell-model the matrix elements of the in-
teraction are pre-diagonalized and lead to a rapid conver-
gence with increasing model-space size. (ii) The size of
the net three-body interaction, which is the sum of the bare
three-body interaction and the repulsive three-body terms
induced by the unitary transformation, can be controlled
via the range of the tensor correlation operator. In partic-
ular one can choose the correlation operator such that the
net contribution of the total three-body interaction to the
energy is minimal. This was done in NCSM calculations
for three- and four-body systems [2]. Heavier nuclei have
been studied using this VUCOM in Hartree-Fock-based ap-
proaches employing perturbation theory or RPA ring sum-
mations to include long-range correlations [3].
Here we employ the ab initio NCSM to obtain de-
tailed spectroscopic information for p-shell nuclei based on
VUCOM. In order to enhance convergence further, the Lee-
Suzuki transformation has been used. All calculations have
been performed using the ANTOINE code [4].
Figure 1 depicts the spectra of 6Li and 10B obtained with
VUCOM for different model-space sizes ranging from 0h¯ω to
14h¯ω and 8h¯ω, respectively. The right-hand column repre-
sents the experimental spectrum. For both cases, the spec-
tra are very stable w.r.t. model-space size and oscillator
frequency and in good agreement with experiment. Also
the absolute ground state energy agrees well with exper-
∗Supported by DFG through SFB 634. This work was partly per-
formed under the auspices of the U. S. Department of Energy by the
University of California, Lawrence Livermore National Laboratory under
contract No. W-7405-Eng-48.
iment. This result is remarkable given that we use a pure
two-nucleon interaction, VUCOM, for these calculations. For
all bare realistic NN interactions it is known that neither
the ground-state energy nor the structure of the spectrum
are reproduced without including a three-nucleon interac-
tion. One example is the ground state spin of 10B which
is wrongly predicted to be 1+ when omitting the three-
body interaction [5]. The correlated interaction VUCOM re-
produces these subtle phenomena already on the two-body
level through its momentum dependence. This demon-
strates that the UCOM transformation provides a powerful
and practical way to reduce the impact of the three-body
potential by transforming it into a momentum dependence.
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Phenomenological Three-Body Interactions in the UCOM Framework ∗
A. Zapp, H. Hergert, P. Papakonstantinou, and R. Roth
Institut fu¨r Kernphysik, Technische Universita¨t Darmstadt, Germany
In the Unitary Correlation Operator Method (UCOM)
the short-range central and tensor correlations induced by
the nuclear interaction are treated explicitly by a unitary
transformation. This method is employed to transform the
Argonne V18 potential into a phase-shift equivalent corre-
lated interaction VUCOM which is used for the following
calculations [1].
Previous investigations of ground states and collective
excitations based on the two-body interaction VUCOM re-
vealed systematic deviations of different observables for
heavier nuclei. Figure 1 shows the binding energies per nu-
cleon (upper part) and charge radii (lower part) of closed-
shell nuclei obtained in a Hartree-Fock (HF) calculation us-
ing VUCOM (disks). The range of the tensor correlator was
fixed in few-body calculations (Iϑ = 0.09 fm3) [1]. The
HF approximation underestimates the binding energies,
since long-range correlations cannot be described. Their
inclusion within many-body perturbation theory leads to a
good agreement of the binding energies with experiment
[2]. Furthermore, the charge radii are clearly too small
for heavier nuclei and the inclusion of long-range corre-
lations via perturbation theory does not lead to a substan-
tial improvement. Besides ground-state properties, collec-
tive excitations were investigated within the Random Phase
Approximation (RPA) [3] using VUCOM. An example is
shown in Figure 2, where the response function of the
isoscalar quadrupole resonance of 90Zr is displayed. The
solid line represents the results with the two-body inter-
action VUCOM. The strength is concentrated at energies
∗Supported by DFG through SFB 634.
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Figure 1: Binding energies and charge radii of selected
closed-shell nuclei resulting from HF calculations with a
two-body interaction (disks) and a two- plus three-body in-
teraction (square symbols). The bars indicate the experi-
mental values.
which are too high compared to experiment.
Here we study the impact of a simple three-body inter-
action on the radii and strength distributions. As a first
ansatz, the correlated two-body interaction is supplemented
by a three-body contact interaction with a strength param-
eter C3. The three-body matrix elements are calculated
in the harmonic-oscillator basis and included in our HF
and RPA codes [4]. Using a long-range tensor correlator
(Iϑ = 0.20 fm3) in conjunction with a repulsive three-body
interaction (C3 = 2500 MeVfm6) in HF leads to the bind-
ing energies and radii depicted by the square symbols in
Fig. 1. Obviously the charge radii are now in good agree-
ment with experiment. Again, the binding energies are un-
derestimated on the HF level – it is expected that many-
body perturbation theory would lead to an agreement with
experiment. The collective response obtained in an RPA
calculation including the three-body interaction (dashed
line in Fig. 2) is shifted towards lower energies improv-
ing the agreement with experiment – further improvement
can be achieved by increasing the single-particle space.
In summary, the inclusion of a simple repulsive three-
body interaction seems to cure the discrepancies observed
with the two-body interaction VUCOM for heavier nuclei.
As a next step we will use a finite-range three-body force,
which then allows systematic calculations beyond Hartree-
Fock, in order to provide a quantitative description of
ground states and collective excitations.
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Figure 2: Isoscalar quadrupole resonance of 90Zr resulting
from RPA calculations with a two-body interaction (solid
line) and a two- plus three-body interaction (dashed line).
The arrows indicate the experimental centroids.
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Photodisintegration of light nuclei with the VUCOM potential.
S. Bacca (GSI, Darmstadt, Germany)
An exact calculation of the photodisintegration cross
section of 3He and 4He is performed using as interaction
the correlated Argonne V18 potential, constructed within
the Unitary Correlation Operator Method (VUCOM) [1].
Calculations are carried out making use of the Lorentz In-
tegral Transform technique [2] in conjunction with an hy-
perspherical harmonics basis expansion. The purpose is
to perform for the first time a test of the VUCOM potential
in a continuum reaction, where many disintegration chan-
nels are open, and simultaneously to study the capability of
describing electromagnetic reactions via a non-local two-
body interactions. Few-particle systems, where the quan-
tum many-body problem of nucleons can be solved exactly,
constitute an optimal setting to probe different potentials.
The total photoabsorption cross section is given by
σγ(ω) = 4π2αωR(ω) ,
where α is the electromagnetic coupling constant and, at
low photon energy ω, R(ω) is the inclusive unpolarized
dipole response function, generally defined as:
R(ω)=
1
2J0 + 1
∑
M0
∫∑
f
∣∣∣〈Ψf | Dˆz |Ψ0〉
∣∣∣2δ(Ef − E0 − ω) .
Here, J0 and M0 indicate the total angular momentum of
the nucleus in its initial ground state and its projection,
while
∣∣Ψ0/f〉 and E0/f denote ground and final states and
their energies, respectively. Finally, Dˆz is the unretarded
dipole operator.
In Fig. 1 the result of σγ obtained with the VUCOM po-
tential for 3He and 4He [3] are presented in comparison
with other realistic potential predictions: the local two-
body Argonne V18 interaction (AV18) and the AV18 po-
tential with the inclusion of the Urbana IX three-body force
(AV18+UIX). The comparison between the AV18+UIX po-
tential model and VUCOM allows to investigate, whether the
omission of a genuine three-body force can be replaced by
a non-local interaction on a continuum observable. Inter-
estingly, for high photon energies VUCOM and AV18+UIX
predictions of the cross section are very similar: VUCOM
simulates very well the missing genuine three-body force,
improving the agreement with AV18+UIX with respect to
the bare AV18 result. In the same figure we also present a
comparison with the available experimental data. In case of
the three-body nucleus the error bars of the data from Feti-
sov et al. [4] are unfortunately too big to allow a discrimi-
nation among the different potential models. In case of the
alpha particle the experimental situation is more involved.
Close to threshold several data were taken in different ex-
periments. Unfortunately even the recently published data
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Figure 1: Photoabsorption cross section of 3He and 4He
with different potentials in comparison with experiments.
from Nilsson et al. [5] and Shima et al. [6] show fairly large
discrepancies. Only the data from Arkatov et al. [7] cover
a larger energy range. They present a rather high peak cross
section, which favors the AV18+UIX potential model in the
peak and the VUCOM in the energy region 30 ≤ ω ≤ 45
MeV; both potentials describe well data at high energies.
These microscopic calculations offer valuable information
for astrophysical studies, where nuclear absorption of γ-
rays may become an important diagnostic tool for the envi-
ronments of compact astrophysical sources. They can help
to investigate interstellar gas, mostly isotopes of hydrogen
and helium, surrounding the astrophysical γ-ray source.
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Self-consistent Green’s function and RPA studies of nuclei
C. Barbieri1, N. Paar2,3, R. Roth2, and P. Papakonstantinou2
1GSI, Darmstadt, Germany; 2TU, Darmstadt, Germany; 3University of Zagreb, Croatia
Correlation energies from HF+RPA theory
The Hartree-Fock (HF) equations were solved for the
VUCOM [1] interaction in a basis of harmonic oscillator
states [2]. This model explains about half of the total bind-
ing. The remaining correlation energy was evaluated using
many body perturbation theory (MBPT) and standard ran-
dom phase approximation (RPA) equations. In the latter
case, we used the formula
ERPA = −
∑
ν
h¯ων
∑
p,h
|Y νph|2 − E(2)PT , (1)
where E(2)PT is the contribution to the total binding energy
in second order perturbation theory. A perturbative expan-
sion of the RPA equations shows that (i) the sum in Eq. (1)
must also include charge exchange modes and (ii) E(2)PT is
double counted and must be subtracted [3]. This leads to
an improved description of the binding energies of most
closed shell nuclei, up to 208Pb, as shown in Fig. 1 [3]. The
fair agreement between MBPT and RPA shown in the fig-
ure gives further evidence that the VUCOM could be treated
perturbatively.
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Figure 1: Nuclear binding energies per nucleon obtained
from MBPT and RPA [3].
Binding and single particle energies
Since the same interaction is used in solving both the
HF and RPA equations, the above HF+RPA scheme is
fully consistent in the sense of Baym-Kadanoff theory [4].
Hence it satisfies basic conservation laws and sum rules.
Analogously, in the framework of many body Green’s func-
tions one requires that the irreducible self-energy is ex-
panded directly in terms of the single particle propagator
that solves the corresponding Dyson equation. We refer to
this scheme as self-consistent Green’s functions (SCGF).
To demonstrate the relevance of self-consistency, the Ta-
ble reports the binding energy of 16O obtained from the
intrinsic Hamiltonian, Hint = Trel + V . Two different
functional forms of the relative kinetic energy were used,
Trel =
A − 1
A
∑
i
p2i
2 m
−
∑
i<j
(pi · pj)2
m A
(2)
=
∑
i<j
(pi − pj)2
2 m A
. (3)
Results are given for different approximations of the self-
energy: HF (which is self-consistent), second order PT, and
the same second order diagram but fully self-consistent [5].
EB(MeV) HF 2nd ord. PT 2nd ord. SC
Eq. (2) -56.3 -125.4 -114.2
Eq. (3) -56.3 -140.3 -114.3
In a more sophisticated approach, the three-particle ir-
reducible (3PI) propagator is evaluated by coupling sin-
gle particles to both giant resonances and paring excita-
tions [6, 7]. Recently, it has become possible to perform
full SCGF calculations with large bases (up to 8 oscillator
shells) [8]. When a G-matrix interaction is used the result-
ing single particle (SP) spectrum is nearly independent of
the oscillator length (right side of Fig. 2).
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Figure 2: Left: Particle-phonon expansion of the 3PI prop-
agator [6]. Right: corresponding neutron SP spectrum for
16O [8].
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Phonon-coupling analysis of pygmy dipole resonances.
E. Litvinova1, J. Daoutidis1, P. Ring∗1, and D. Vretenar2
1Technische Universita¨t Mu¨nchen, Germany; 2University Zagreb, Croatia
Abstract
An extension of Covariant Density Functional Theory is
used to analyze the E1 strength distributions in the doubly
magic nuclei, for which data on pygmy dipole resonances
(PDR) have recently been reported. Particle-vibration cou-
pling based on relativistic random phase approximation
(RRPA) is included in a fully consistent way and the effect
of two-phonon admixtures on the low-lying E1 strength is
investigated.
Low-lying dipole strength in neutron rich nuclei
In recent years the study of the multipole response of nu-
clei far from the β-stability line and the possible occurrence
of exotic modes of excitation has gained great interest both
on the experimental as on the theoretical side. For neutron-
rich nuclei, the pygmy dipole resonance (PDR), i.e. the res-
onant oscillation of the weakly-bound neutron skin against
the isospin saturated proton-neutron core has been inves-
tigated. The onset of low-lying E1 strength has been ob-
served not only in exotic nuclei with a large neutron excess,
e.g. for neutron-rich oxygen isotopes [1], but also in sta-
ble nuclei with moderate proton-neutron asymmetry, like
44,48Ca and 208Pb [2]. Very recently the dipole strength
distribution above the one-neutron separation energy was
also measured in the unstable 130Sn and the doubly-magic
132Sn [3]. In addition to the giant dipole resonance (GDR),
evidence was reported for a PDR structure at excitation en-
ergy around 10 MeV both in 130Sn and 132Sn, exhausting
a few percent of the E1 energy-weighted sum rule.
Relativistic RPA plus phonon-coupling model
We have applied the relativistic RPA plus phonon-
coupling model [4, 5] in the analysis of low-lying E1
strength distributions in 208Pb and 132Sn, for which data
on pygmy dipole resonances (PDR) have recently been re-
ported. The theoretical analysis is fully consistent: the
same effective nuclear interaction is used both to deter-
mine the spectrum of positive- and negative-energy single-
nucleon Dirac states, and as the residual interaction which
determines the collective phonon states in the relativistic
RPA. The calculated E1 photoabsorption cross sections,
the excitation energies and widths of the giant dipole reso-
nances (GDR) reproduce the available data. The PDR rep-
resents a resonant oscillation of the neutron skin against the
isospin saturated proton-neutron core, and the correspond-
ing RRPA state is characterized by a coherent superposition
of many neutron particle-hole configurations. We find that
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Figure 1: The low-energy portion of the E1 strength dis-
tribution in 132Sn, calculated with the relativistic RPA
(dashed), and with the RRPA extended by the inclusion of
particle-phonon coupling (solid, RRPA-PC). In the panels
on the right the proton and neutron transition densities for
the peaks at 7.54 MeV (RRPA) and 7.16 MeV (RRPA-PC),
are plotted as functions of the radial coordinate.
this picture remains essentially unchanged when particle-
vibration coupling is included. The effect of two-phonon
admixtures is a small shift of PDR states to lower excita-
tion energy and, in the case of 132Sn (see Fig. 1), the PDR
strength is fragmented. Even though the PDR calculated
in the extended model space of ph⊗phonon configurations
contains sizeable two-phonon admixtures, it basically re-
tains a one-phonon character and its dynamics is not mod-
ified by the coupling to low-lying surface vibrations.
The results presented in Fig. 1 are obtained in the spec-
tral representation of RRPA using an oscillator basis. The
full influence of the continuum should be studied in the
framework of relativistic continuum RPA including phonon
coupling. Investigations in this directions are in progress.
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Shell model applications in nuclear structure and astrophysics
J.J. Cuenca Garcia1, K. Langanke1, A. Lisetzky1, G. Martı´nez-Pinedo1, C. O¨zen1, and I. Petermann1
1GSI, Darmstadt, Germany
The erosion of shell gaps due to nucleonic excitations
is one of the most interesting facets of modern nuclear
structure. While most of the research has been concen-
trated on neutronrich nuclei, examples for cross-shell cor-
relations are also known close to double-magic nuclei. For
example, the M1 strength distribution for 38Ar, a nucleus
with two proton holes in the sd shell, shows a strong frag-
mentation, in strong contrast to sd shell model calculations
which predict the strength to be located in a single tran-
sition. We have performed shell model calculations for
36,38Ar which consider all correlations of the valence nu-
cleons in the s1/2, d3/2, f7/2, p3/2 orbitals and their cou-
pling to the spin-orbit partners by 1-particle-1-hole excita-
tions and achieve a good reproduction of the energy spectra
and M1 strength distributions (see Fig. 1) [1]. The strong
fragmentation has been explained by particle-hole excita-
tions across the N = 20 shell gap.
Sizable low-lying Gamow-Teller GT− strength has been
proposed as a signal for the survival of SU(4) symmetry
and as a potential hint for strong proton-neutron pairing
[2]. As SU(4) symmetry can only completely be fulfilled in
N = Z nuclei, we have tested this conjecture by calculat-
ing the GT− distributions for the N = Z + 2 nuclei 46Ti,
50Cr, 54Fe and 62Zr. Although we find modest low-lying
strength, the SU(4) symmetry is already quite strongly bro-
ken in these nuclei, mainly due to the spin-orbit interaction
[3]. Additionally we have analyzed the shell model M1
and GT distributions for selected pf shell nuclei for domi-
nating energy scales on the basis of a wavelet analysis and
have studied the connection of these scales with the differ-
ent parts of the interaction [4].
Nuclei with magic neutron numbers play the role of
waiting points in the astrophysical r-process making their
halflives particularly important for the matter-flow to heav-
ier nuclei. For the N = 82 r-process nuclei halflives have
only be determined for 130Cd and 129Ag, while those for
the more proton-deficient have to be modelled. We have
calculated the halflives for the N = 82 waiting points with
Z = 42 − 48 within large-scale shell model calculations
finding a good agreement with the two measured halflives,
simultaneously reproducing relevant nuclear structure in-
formation [5].
The Shell Model Monte Carlo (SMMC) approach allows
the calculation of nuclear properties at finite temperature in
extremely large model spaces and accounting for the rele-
vant correlations among nucleons. SMMC is particularly
useful for the calculation of nuclear level densities [6]. We
have performed such studies for several medium-mass nu-
clei with 50 active valence protons and neutrons within the
complete pf- and sdg-spaces. In particular we have been
able to demonstrate the effect of pairing on the level den-
sity [7]. Moreover we have studied the parity-dependence
of the level density [8] which is quite relevant for the appli-
cation of the statistical model to astrophysical reactions.
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Figure 1: Comparison of shell model M1 strength distribu-
tion with the experimental data [9]
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Towards a microscopic description of nuclear reactions
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Low-energy nuclear reactions play an important role in
many astrophysical scenarios. In many cases experimen-
tal data are not available at the energies important for the
astrophysical processes. From the theory perspective such
reactions have been investigated mainly with cluster mod-
els [1]. These models suffer from very simplified effective
interactions and rather restricted model spaces for the in-
teraction region. Nowadays ab-initio methods are actively
pursued. Within the no-core shell model or the Green’s
Function Monte Carlo Method the same realistic two- and
three-body forces can be used for the structure and the reac-
tion calculations. However in both approaches the descrip-
tion of the asymptotic region is a very challenging problem.
With the Fermionic Molecular Dynamics (FMD) model
we aim at a consistent description of bound states, reso-
nances and scattering states starting from realistic nucleon-
nucleon interactions. The important short-range central
and tensor correlations are treated explicitly with the Uni-
tary Correlation Operator Method, providing an effective
low-momentum interaction. As no explicit three-body
forces are included up to now and due to limitations of the
FMD model space an empirical correction term is added to
the two-body force.
In the FMD the many-body basis is constructed with
Slater determinants of Gaussian wave packets that are pro-
jected on angular momentum and total linear momentum
to restore the symmetries of the Hamiltonian. For the de-
scription of the asymptotic scattering states FMD ground
states are joined taking the distance as generator coordi-
nate. To obtain resonance or scattering solutions appropri-
ate boundary conditions have to be included. In the many-
body approach of FMD this is not a trivial problem and a
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Figure 1: Phase shifts for the positive parity states (1/2+,
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lines, respectively) in the 3He-α elastic scattering and com-
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3/2− and 1/2− bound states.
new method utilizing a Collective Coordinate approach has
been developed.
The 3He(α,γ)7Be reaction
In this reaction the 3He and 4He nuclei are captured from
positive parity scattering states into the 3/2− and 1/2−
bound states. In the FMD approach we use multiconfig-
uration FMD states for the 3He and 4He nuclei. For the
7Be bound states two configurations obtained in a variation
after angular momentum projection calculation or alterna-
tively a single configuration obtained in a variation after
parity projection procedure is used. A small fine-tuning
of the interaction is necessary to reproduce the essential
threshold energies. The calculated phase shifts agree very
well with experimental data (see Fig. 1). With the many-
body scattering solutions and the bound states, both ob-
tained as eigenstates of the same many-body Hamiltonian,
the capture cross section is calculated. As can be seen in
Fig. 2 the energy dependence of the cross section is cor-
rectly reproduced. Also the branching ratio to 3/2− and
1/2− agrees with experimental data. Improvements in the
description in the interaction region bring the normaliza-
tion of the cross section closer to the data. Further im-
provements are under investigation.
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A New Equation of State for Astrophysical Applications
S. Typel1 and T. Kla¨hn1,2
1GSI, Darmstadt, Germany; 2Universita¨t Rostock, Germany
The equation of state (EoS) of hot and dense matter is an
essential ingredient in many astrophysical models, e.g. in
supernovae and compact star calculations. The thermody-
namical properties and the composition of the matter have
to be known in a wide range of density (10−8  n/nsat 
10), temperature (0 ≤ T  50 MeV) and proton frac-
tion (0 ≤ Yp  0.6). Despite the large number of avail-
able EoS from various theoretical models, there are few
[1, 2, 3] that are practically applied in astrophysical model
calculations. Many studies focus only on certain aspects
in a limited range of n, T and Yp and the relevant thermo-
dynamical quantities are not readily available in a simple
form for astrophysicists. In addition, the model parame-
ters are not well constrained by the experimental data that
are nowadays available, the description is partially not self-
consistent or too simplified. These deficiencies call for a
development of an improved EoS that is practical and easy
for the application in astrophysics.
In the present approach, the model includes the most rel-
evant particles (protons, neutrons, light and heavy clusters,
photons, electrons, myons, neutrinos). Exotic species, e.g.
hyperons or quarks, and the transition to quark matter will
be considered in a later stage of the development. The
non-hadronic contributions have simple thermodynamics
and are assumed to be distributed homogeneously in space.
The hadronic part presents the main challenge. Its contri-
bution to the EoS is calculated in a relativistic mean-field
(RMF) model with density-depending nucleon-meson cou-
plings (as suggested by Dirac-Brueckner calculations) that
is able to describe the properties of atomic nuclei (binding
energies, spin-orbit splittings, charge and diffraction radii,
surface thickness, neutron skin thickness) with great preci-
sion and only a few parameters [4].
The determination of the model parameters is further
constrained by information from astrophysical observa-
tions (maximum neutron star mass, neutron star cool-
ing, mass-radius relation, gravitational mass-baryon num-
ber relation) and heavy-ion collisions (elliptic flow, sub-
threshold kaon production, isoscaling in fragment isotope
yields) according to a recently developed test scheme [5].
The large body of data from the various fields is sensitive
to different properties of the EoS at low and high densities
for symmetric and neutron-rich matter. As a consequence,
e.g., the isospin dependence and the stiffness of the EoS are
rather well constrained.
At densities below nuclear saturation, the matter be-
comes inhomogeneous and clusters appear. Heavy nuclei
arrange on a regular lattice with a surrounding gas of nucle-
ons and light clusters. The properties of the heavy clusters
are calculated in a self-consistent Thomas-Fermi approach
with the RMF density functional (beyond the local den-
sity approximation) using the Wigner-Seitz appromation
for the lattice cells. The density distributions in previous
models [1, 2] were treated not self-consistently with sim-
ple parametrized shapes and simplifications in the energy
functional. The long-range nature of the Coulomb interac-
tion leads to an important contribution by the correlation
energy depending on the shape.
A major improvement as compared to earlier models
is the description of light clusters. At very low densi-
ties the equation of state can be calculated systematically
in the form of a virial expansion [6]. This approach has
been employed recently for a system of neutrons, protons
and α-particles based on available experimental data for
bound state energies and scattering phase shifts in the cal-
culation of the second viriral coefficient [7]. The results
constitute a benchmark for the EoS at very low densities
but there are severe limitations for an application at higher
densities where the formation of additional clusters and
the medium effects on their properties have to be consid-
ered. The formation of several different clusters requires
a reorganization of the virial expansion avoiding a dou-
ble counting of bound state contributions. With increas-
ing density, the effetive nuclear interaction will change and,
more importantly, the Pauli blocking of states leads to the
Mott effect, i.e. the bound systems dissolve in the medium.
These effects are taken into account by introducing effec-
tive quasi-particle quantities and medium-dependent virial
coefficients. The model is inspired by a thermodynamic
Green’s function approach for the calculation of the second
virial coefficient at finite densities [8]. In the present model
the correct transition to homogeneous matter is observed at
high densities that cannot be described by a conventional
second-order virial EoS.
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Electromagnetic breakup reactions of stable and ex-
otic nuclei at medium to high projectile energies provide
a wealth of information for nuclear structure and astro-
physics. E.g., it is possible to study ground-state spectro-
scopic factors, nucleon-core interactions [1] or to extract
low-energy radiative capture cross sections [2]. In order to
prepare the actual experiments and to analyze the obtained
data, a careful theoretical description of the breakup pro-
cess and a detailed simulation according to the calculated
cross sections is required.
To this end, the FORTRAN code CDXS+ was developed.
It is easy to apply, runs independently of any special library,
and contains many features that are relevant in the model-
ing of the projectile and projectile-target systems. The code
is contained in a single file. The application and the under-
lying theoretical methods are summarized in the program
manual [3]. The output contains detailed information on
many properties of the considered nuclear system.
Bound and continuum states of the projectile system are
described in a potential model by solving the Schro¨dinger
equation for the relative motion of the fragments. There
are various choices, e.g., for the representation of the wave
functions, the angular momentum coupling, or the func-
tional form of the central and spin-orbit potentials. Al-
ternatively, it is possible to use asymptotic forms of the
wave functions with an effective-range approximation for
the phase shifts. From the matrix elements for electromag-
netic multipole operators, reduced transition probabilities,
photoabsorption and radiative capture cross sections can be
found for the dissociation of the projectile into fragments
and vice versa.
The central reaction calculation concentrates on the elec-
tromagnetic dissociation of the projectile during the scat-
tering on a heavy target in the semiclassical approximation
with either non-relativistic or relativistic Coulomb excita-
tion functions. A correction for diffraction effects due to
the wavelike nature of the projectile can be considered in
an eikonal approximation. In addition, it is possible to in-
clude the breakup contribution by the nuclear interaction
with the target. Here, a prior-form distorted-wave Born ap-
proximation for the relevant T-matrix element with eikonal
wave functions for the projectile-target relative motion is
employed. The relevant optical potentials can be speci-
fied in different functional forms or they can be derived
from systematic double folding potentials. Their quality
can be checked by comparing experimental data with elas-
tic scattering cross that are provided by the program. For
the breakup reaction, there is a choice from many differ-
ent single, double and triple differential cross sections with
various options for the independent kinematical quantities.
In addition, corrections for the experimental efficiency and
finite resolution can be applied.
The most general triple differential cross section can be
converted into an event distribution in a Monte-Carlo simu-
lation. The generated distribution can be analyzed with the
program in the same way as in an actual experiment by ex-
tracting histograms for various kinematical quantities. The
event distribution can also serve as an input for additional
GEANT simulations in order to consider the properties of
the experimental setup in more detail.
The program CDXS+ is currently applied in the simu-
lation of various breakup reactions that have been or will
be performed at GSI. It is expected that the Coulomb
breakup of 6Li can provide important information on the
low-energy cross section of the 2H(α,γ)6Li capture reac-
tion that is relevant in Big-Bang nucleosynthesis. From an
earlier Coulomb dissociation experiment with 26 A MeV
6Li [4], data for the astrophyscal S factor were extracted
that are considerably larger than theoretical estimates at
low energies. In the analysis of the GSI experiment with a
150 A MeV 6Li beam it is important to clarify the strength
of the nuclear breakup contribution.
The code is also used in preparing the future GSI
breakup experiment with 27P. Here the goal is to obtain
more precise information on the radiative proton capture
reaction on 26Si as compared to an earlier experiment at
RIKEN [5]. The reaction 26Si(p,γ)27P is considered rele-
vant in the synthesis of 26Al in novae. It is planned to ob-
serve the non-resonant direct E1 capture and the unknown
resonant M1 contribution of the 32
+
continuum state.
In a third application, the feasibility of an 16O breakup
experiment with 12C and 4He as fragments is studied in or-
der to improve the information on the E2 contribution to
the 12C(α,γ)16O reaction cross section. Here, the contami-
nation by nuclear breakup is the essential problem because
of the high Q-value leading to a rather small flux of virtual
photons. The specific kinematical condition at GSI with a
high-energy 16O projectile beam could be more advante-
geous than earlier attempts at lower energies [6].
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The fission rate in multi-dimensional Langevin calculations 
P. N. Nadtochy, A. Kelić and K.-H. Schmidt 
GSI, Darmstadt, Germany
Experimental indications of fission as a slow and 
highly dissipative process have come from the multiplic-
ities of prescission particles [1] and γ-rays [2]. As the 
quantitative estimations of nuclear dissipation found from 
different theoretical models differ substantially [3], it be-
comes important to understand the reasons, which lead to 
different predictions of theoretical models. One would 
like to conclude on the validity of the physics considered 
in these models by comparing these predictions with ex-
perimental data. For this purpose, however, one should be 
sure that technical restrictions of the model calculations 
do not have any significant influence on the results. One 
of these restrictions is the dimensionality of the model 
space, which is the subject of the present work. Experi-
mental data on nuclear dissipation have often been inter-
preted using one-dimensional Langevin models, where 
only one parameter is used for the description of the pos-
sible shapes of the fissioning nucleus. However, almost 
all the problems of collective nuclear dynamics are essen-
tially multi-dimensional. Therefore, such an important 
characteristic as the fission rate is investigated in the pre-
sent work using Langevin calculations with different 
numbers of collective coordinates involved in the dy-
namical consideration for the two most frequently used 
dissipation mechanisms: one-body and two-body.  In or-
der to investigate only the influence of the dimensionality 
of the model on the calculated results, we carry out one-
dimensional, two-dimensional, and three-dimensional 
Langevin calculations with some simplifications. We 
started modelling the fission process from the compound 
nucleus in spherical shape. The calculations have been 
done for zero angular momentum. The evaporation of the 
prescission light particles was not considered in the pre-
sent analysis. Shell corrections have also been neglected. 
Of course, all these effects have important influence on 
the fission process, but in the present study we are par-
ticularly interested in the importance of the dimensional-
ity of problem, and, therefore, we want to keep all other 
effects as simple as possible. Technical details on the cal-
culations can be found in ref. [4]. The results of the calcu-
lations for the nucleus 248Cf at two excitation energies are 
presented in Fig. 1 for the case of the one-body dissipa-
tion. One can see from this figure that the transient time 
depends on the number of collective coordinates involved 
in the Langevin calculations. The lowest transient time is 
obtained in one-dimensional calculations, and this ten-
dency is independent on excitation energy. One can also 
see in Fig. 1 that the stationary value of the fission rate 
increases after introducing new collective coordinates in 
the dynamical consideration: The stationary value of the 
fission rate in the one-dimensional case is lower than in 
the two-dimensional and three-dimensional cases. This 
effect is more pronounced at high excitation energy. The 
same qualitative conclusions were obtained in case of 
two-body dissipation. 
 
Figure 1: The fission rate calculated for the nucleus 248Cf in the 
case of one-body dissipation for excitation energy E=30 MeV 
(a) and E=150 MeV (b). The solid, dashed, and dotted curves 
correspond to the three-, two-, and one-dimensional Langevin 
calculations, correspondingly. 
 
These results are particularly important for the conclu-
sions about nuclear dissipation, deduced from the com-
parison of experimental results with model calculations, 
which are performed in restricted deformation space. One 
may suppose that qualitatively the same conclusion is 
valid for other problems in statistical physics and chemis-
try on the decay of metastable states of multi-dimensional 
systems, which might be revisited with the powerful mod-
ern tools of Langevin calculations. 
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The r-process is responsible for the synthesis of at least
half of the elements heavier than Fe. It is associated
with explosive scenarios where large neutron densities are
achieved allowing for the series of neutron captures and
beta decays that constitutes the r-process [1, 2]. The r-
process requires the knowledge of masses and beta-decays
for thousands of extremely neutron-rich nuclei reaching
even the neutron-drip line. Moreover, in order to synthesize
the heavy long-lived actinides, U and Th, large neutron-
to-seed ratios are required (∼ 100) allowing to reach nu-
clei that decay by fission. Fission can be induced by dif-
ferent processes: spontaneous fission, neutron-induced fis-
sion, beta-delayed fission and, if the r-process occurs un-
der strong neutrino fluxes, neutrino-induced fission. The
role of fission in the r-process has been the subject of many
studies in the past (see ref. [3] and references therein), how-
ever, often only a subset of fission-inducing reactions was
considered and a rather simplistic description of fission
yields was used. It should be emphasized that, if fission
really plays a role in determining the final abundances of
the r-process, one needs not only fission rates but equally
important are realistic fission yields as they determine the
final abundances. Our goal has been to improve this situa-
tion by putting together a full set of fission rates including
all possible fission reactions listed above. For each fission-
ing nucleus the fission yields are determined using the sta-
tistical code ABLA [4, 5]. The fission yields change from
nucleus to nucleus and in a given nucleus depend on the
excitation energy at which fission is induced.
Figure 1 shows the results of our calculations for two dif-
ferent mass models. While the FRDM mass model shows
a similar trend with increasing neutron-to-seed ratio, the
ETFSI-Q mass model is clearly different. This difference
is due to the fact that the ETFSI-Q mass has a quenched
shell gap for N = 82 and N = 126, while the other two
mass models show strong shell gaps even close to the drip
line. In the ETFSI-Q mass model theN = 82 waiting point
is practically absent for the conditions of figure 1. This al-
lows all matter to pass throughN = 82, incorporating most
neutrons in heavy nuclei and leaving very few free neutrons
to induce fission events. In the other mass model, a smaller
amount of matter passes the N = 82 and N = 126 wait-
ing points. Once this matter reaches the fissioning region
a large abundance of neutrons is still present that creates
new neutrons by fission allowing the r-process to last for
a longer time and produce a larger fraction of fission frag-
ments. This explains why the FRDM mass model produces
larger amounts of matter in the range A = 130–190, and
implies that the shell structure at N = 82 is essential for
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Figure 1: Final r-process abundances (at 1.6 Gy) obtained
in several adiabatic expansions using two different mass
models (FRDM [6] and ETFSI-Q [7]). The solid circles
correspond to a scaled solar r-process abundance distribu-
tion [8].
determining the role of fission in the r-process.
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Recent hydrodynamical studies of core-collapse super-
novae have shown that the bulk of neutrino-heated ejecta
during the early phases (first second) of the supernova ex-
plosion is proton-rich [1, 2, 3]. Nucleosynthesis studies in
this environment have shown that these ejecta could be re-
sponsible for the solar abundances of elements like 45Sc,
49Ti and 64Zn [4, 5]. Once reactions involving alpha par-
ticles freeze out, the composition in these ejecta is mainly
given by N = Z alpha nuclei and free protons. Proton
captures on these nuclei cannot proceed beyond 64Ge due
to the low proton separation energy of 65As and the fact
that the beta-decay half-life of 64Ge (64 s) is much longer
than the typical expansion time scales (a few seconds).
Two recent studies [6, 7] have shown that the inclusion
of neutrino interactions during the nucleosynthesis permits
a new chain of nuclear reactions denoted νp-process in
ref. [6]. In this process nuclei form at a typical distance
of ∼ 1000 km from the proto-neutron star where antineu-
trino absorption reactions proceed on a time scale of sec-
onds that is much shorter than the typical beta decay half-
lives of the most abundant nuclei present (eg. 56Ni and
64Ge). As protons are more abundant than heavy nuclei,
antineutrino capture occurs predominantly on protons via
ν¯e+p→ n+e+, causing a residual density of free neutrons
of 1014–1015 cm−3 for several seconds, when the temper-
atures are in the range 1–3 GK. These neutrons can easily
be captured by neutron-deficient N ∼ Z nuclei (for exam-
ple 64Ge), which have large neutron capture cross sections.
The amount of nuclei with A > 64 produced is then di-
rectly proportional to the number of antineutrinos captured.
The νp-process acts in the temperature range of 1–3 GK.
The amount of heavy nuclei synthesized depends on the
ratio of neutrons produced via antineutrino capture to the
abundance of heavy nuclei (this is similar to the neutron-to-
seed ratio in the r-process, see also discussion in [7]). This
ratio is sensitive to the antineutrino flux and to the proton-
to-seed ratio. The first depends mainly on the expansion
time scale of matter and its hydrodynamical evolution. The
second is very sensitive to the proton richness of the ma-
terial and its entropy. Figure 1 shows the nucleosynthe-
sis resulting from several trajectories corresponding to the
early proton-rich wind from the protoneutron star resulting
of the explosion of a 15 M star [1]. (These trajectories
have also been studied in reference [7].) No production of
nuclei above A = 64 is obtained if antineutrino absorption
reactions are neglected. Once they are included produc-
tion of elements above A = 64 takes place via the chain
of reactions discussed in the previous paragraph. This al-
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Figure 1: Integrated production factors corresponding to
the early proton rich wind obtained in the explosion of a
15 M star [1]. In each panel the radius, entropy and Ye
values of matter when the temperature reaches 3 GK are
shown.
lows to extend the nucleosynthesis beyond Zn producing
elements like Ge whose abundance is roughly proportional
to the iron abundance at low metallicities [8]. The produc-
tion of light p-process nuclei like 84Sr, 94Mo and 96,98Ru is
also clearly seen in figure 1. However, 92Mo is still under-
produced. This could be due to the limited knowledge of
masses around 92Pd [7]. The current mass systematics [9]
predict a rather low proton separation energy for 91Rh that
inhibits the production of 92Pd. Future experimental work
in this region should clarify this issue.
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In heavy ion collisions at energies around the Coulomb 
barrier reaction products emerge from the following proc-
esses: (1) complete fusion with full linear momentum 
transfer and subsequent particle emission and (2) reac-
tions with partial momentum transfer, where only a part 
of the projectile reacts with the target nucleus. Each of 
these processes leads to a characteristic velocity distribu-
tion of the reaction products. Therefore, the determination 
of the production cross-section as a function of the iso-
tope velocity helps to identify which process was the ori-
gin of the observed reaction products. 
At the velocity filter SHIP we investigated the proc-
esses (1) and (2) using the reaction 25Mg+206Pb at 5.9×A 
and 8.7×A MeV with the following goals: 
a) Determination of the relative contributions from 
processes (1) and (2) as a function of the beam energy. 
b) Investigation of different beam-target combinations 
with a stepwise increase of the projectile mass. So far, 
process (2) was studied at SHIP only with beams up to Ne 
[1]. 
c) Investigation of processes (2) especially at beam en-
ergies around and below the Coulomb barrier. Former 
experiments have been performed at energies well above 
the barrier. 
Several reaction products from At to Th have been 
identified by their α-decays. As an example in Fig. 1 the 
production cross-section times efficiency (σε) of 214Ra is 
shown as a function of the isotope velocity v normalized 
to the compound nucleus (231Pu) velocity vCN.  
At 8.7×A MeV a broad distribution around v/vCN=1 can 
be seen (Fig.1, top). Its origin is the production of 214Ra 
via complete fusion and subsequent 6p5n (or α4p3n) 
emission at E*=120 MeV. 
Further, a pronounced peak at v/vCN=0.5 is visible in 
the spectrum. The low velocity of these events clearly 
points to their production via an incomplete fusion proc-
ess. In this case one projectile fragment is emitted in for-
ward direction while the other one fuses with the target 
nucleus. This results in the significant shift to lower ve-
locities of the heavy recoil product. In the case of 214Ra 
the observed nucleus is produced by transfer of e.g. a 13C 
cluster and subsequent emission of 5 neutrons. The large 
quadrupole deformation of 25Mg (ß2=0.33 [2]) is probably 
the reason for a relatively easy breakup of the projectile.  
The lower graph shows the velocity distribution for 
5.9×A MeV. Here, a peak is visible at v/vCN=1.4. Since at 
SHIP only reaction products emitted under angles of up to 
±2º with respect to the beam axis are detected, the ob-
served peak can be explained by assuming a central colli-
sion in which a C cluster is transferred from the Mg pro-
jectile to the target and the projectile residue (also carbon) 
is scattered backwards. Due to momentum conservation  
 
 
Figure 1: Velocity distribution of 214Ra nuclei produced in 
25Mg+206Pb collisions at 8.7×A and 5.9×A MeV. 
 
 
the backward scattered C cluster leads to a momentum 
transfer to the target-like nucleus which leads to the ob-
served velocity of ~40% above the compound nucleus 
velocity. 
Additionally, we found at 5.9×A MeV also 214Ra nu-
clei with velocities around v/vCN~1 and further down to 
about 40% of the compound nucleus velocity. Conse-
quently 214Ra is also produced via compound nucleus 
formation with an excitation energy of E*=55 MeV with 
subsequent particle emission and via incomplete fusion. 
Details of the kinematics of these processes, e.g. a pos-
sible resonance phenomenon leading to 12C emission in 
forward direction at the higher bombarding energy, are 
subject to further studies which are also aiming to repro-
duce the measured cross-sections. 
In addition, experiments are planned to measure an ex-
citation function of the observed processes and to study 
the results using different projectiles. 
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In heavy ion collisions at Coulomb barrier energies the 
two collision partners can be brought into nuclear contact. 
During their closest approach the two nuclei form a di-
nuclear system (nuclear molecule) which is seen by the 
electrons as a common charge centre. The lifetime of the 
di-nuclear system (nuclear contact time) is correlated with 
the energy dissipation during the collision. While the con-
tact times in quasi-elastic collisions are 10-22 to 10-21 s, for 
collisions with high energy dissipation one should expect 
lifetimes which are 10 – 100 times longer. Correlated with 
these long contact times is a large mass flow between the 
two nuclei which can lead to the exchange of up to 20 
protons and as many neutrons as was shown in previous 
experiments for different collision systems up to U+U 
[1,2]. 
In April 2006 we started new investigations of the sys-
tem U+U at the VAMOS spectrometer of GANIL, which 
have mainly two objectives: 
a) Due to the high mass flow expected during nuclear 
contact, two reaction products can emerge. One has a pro-
ton number below uranium and the other one the com-
plementary proton number beyond uranium. In this case 
we could obtain neutron rich nuclei in the transuranium 
region, which are otherwise experimentally not accessi-
ble. 
b) If we can observe nuclear contact times of at least 
10-20 s in very heavy collision systems like U+U, the re-
spective reactions could be used as a "trigger" for a fun-
damental, experimentally hitherto unobserved phenome-
non: The decay of an overcritical vacuum in a static elec-
tric field by the emission of e+e- pairs. 
 
Figure 1: Mass spectra for the system U+U at different 
beam energies. 
 
Our first experiment was aimed to measure an excita-
tion function for the production of different transfer prod-
ucts as well as their angular distributions which should 
give us information about the lifetime of the di-nuclear 
system. We investigated five different beam energies from 
6.09 to 7.35×A MeV. The corresponding mass spectrum is 
shown in Fig. 1. Besides a double humped distribution at 
70<A<170 corresponding to fission fragments of uranium 
and a peak at A=238 from uranium elastic and inelastic 
scattering we observed a broad bump in the region 
190<A<230 which contains transfer products with masses 
lower than uranium. This bump enhances significantly as 
a function of beam energy (Fig. 2) and develops a maxi-
mum around Pb-like products at A~210 for beam energies 
above 7xA MeV (see Fig. 1). Masses heavier than ura-
nium were not detected definitely. The origin of the peak 
at A=256 is not yet determined; most probably it is an 
artefact of the detection system. 
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Figure 2: Excitation function for Pb-like products. The 
yield is normalized to elastically scattered U ions. 
 
Pb-like fragments could be an indication of nuclear 
contact times significantly longer than 10-21 s. Since for 
di-nuclear systems with moderate excitation energy shell 
effects should be important, one could expect asymmetric 
fission of the system with preferential emission of nuclei 
close to the doubly magic nucleus 208Pb - if the system 
lives long enough to thermalize. To isolate the reactions 
with the longest contact times, the angular distribution of 
the Pb-like fragments as well as their energy has still to be 
analyzed. According to calculations of [3] one should find 
these events at scattering angles < 60° and small kinetic 
energies. 
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The isotopes 213Th and 214Th were produced via the 5n 
and 4n channel of the 164Dy(54Cr,xn)238-xCm fusion-
evaporation reaction at SHIP [1].  
Three previously unknown γ lines with energies of 
623.2, 639.0 and 830.1 keV, which are in coincidence to 
each other, were assigned to 214Th. These three γ lines 
were also in coincidence with a γ line at 89.1 keV. The 
relative intensities of these four γ lines are 1, (1.04±0.12), 
(1.02±0.12) and (0.049±0.016), respectively. The multi-
polarity of all transitions is assigned to E2 on the basis of 
the relative intensities, experimental upper half-life limits 
and Weisskopf estimations.  
The half-life of the isomeric state in 214Th was meas-
ured for the first time. It is (1.24±0.12) μs. This value is 
the average of the values for the three high energy γ rays. 
Taking these values we determined the value for the re-
duced transition probability B(E2) for de-excitation of the 
isomeric state. 
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Figure 1: Suggested decay schemes for 213Th and 214Th. 
Energies are given in keV. The ordering of the 623.2 and 
639.0 keV γ transitions in 214Th is tentative.  
The suggested decay schemes of the isomeric states 
are presented in Fig. 1.  These schemes are based on γ – γ 
coincidences, relative intensities and the systematics of 
isomeric states in N=123, 124 isotones. 
To understand the origin of the 8+ isomeric state in 
214Th we have performed shell model calculations using 
the method given in [2]. The results of our calculations 
are shown in Fig. 2. Two different calculations were made 
to describe the behaviour of B(E2;8+ → 6+) values in the 
isotones N=124, 126. The open triangles mark transitions 
between pure (1h9/2)8+ proton states (in the seniority 
scheme) and the open circles mark transitions between 
(1h9/22f7/2)8+ and (1h9/2)6+ states. The solid circles denote 
experimental data taken from literature. 
Comparing theoretical calculations with experimental 
data we conclude that the experiment is best reproduced 
by assuming a mixed configuration π{1h9/2×2f7/2}. There-
fore, we conclude that the 8+ isomeric state in 214Th is 
formed by breaking a pair of protons in the 1h9/2 orbit. 
0 2 4 6 8 10
10-3
10-2
10-1
100
101
π(1h9/2)8+
π(1h9/22f7/2)8+
B
(E
2;
8+
6+
)[
W
.u
.]
n: Number of particles in 1h9/2
N=124
10-3
10-2
10-1
100
π(1h9/2)8+
π(1h9/22f7/2)8+
ThRaRnPo
N=126
 
Figure 2: Experimental and theoretical B(E2;8+→ 6+) val-
ues for N=126, 124 isotones of Po, Rn, Ra and Th (214Th 
from our experiment). All calculated values are normal-
ized to Po. The dashed curves are drawn to guide the eye. 
Two new γ lines with energies 381.5 and 798.9 keV 
were assigned to 213Th. The intensity of the 798.9 keV γ 
line was 1.65 relative to the intensity of the 381.5 keV γ 
line. A half-life of (1.7±0.6) μs was measured for the first 
time for the isomeric state. The suggested decay scheme 
of the isomeric state in 213Th is shown in Fig. 1. It is 
based on the systematics of level schemes of neighbour-
ing odd N nuclides. 
The α decay energies of the 213Th and 214Th ground-
states are almost equal. We measured values of 
(7.69±0.02) MeV and (7.68±0.02) MeV, respectively, in 
agreement with literature data [3].  
The analysis of the data is being continued and de-
tailed report on the decay schemes is in preparation. 
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Neutron deficient Cm isotopes were produced at SHIP 
[1] using the fusion-evaporation reaction 208Pb(30Si,xn)238-
xCm. The 30Si beam with a charge state 6+ was prepared 
from 30SiO (99.5%), at the High Charge State Injector. 
We used two different beam energies: 5.00·A MeV and 
5.27·A MeV to produce 235Cm and 234Cm, respectively. 
The 208PbS target with an average thickness of 412 
μg/cm2 was irradiated for each beam energy about one 
day. The identification of the Cm isotopes was made by 
using the α – α correlation method. The result of the analy-
sis using a time window of 1500 s and a position window 
of 0.5 mm is shown in Fig. 1. One member of each event 
was taken in the pause between the beam pulses, in order 
to minimize the number of accidental coincidences. 
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Figure 1: Two dimensional α – α correlation spectrum for 
the decay chain of 234Cm→ 230Pu→226U→222Th. 
 
However, accidental coincidences with α decays of 
the transfer reaction products 211Po, 211mPo and 211Bi are 
still high, because the cross-section for transfer reactions 
is a few orders of magnitude higher than that of the fu-
sion-evaporation reactions of interest. All possible com-
binations of mother – daughter α – α correlations within the 
α decay chain of 234Cm are shown in Fig. 1 (circles). 
The α decay energy of 234Cm is (7.24±0.02) MeV. A 
half-life of (70±20) s was determined from the correlation 
analysis of evaporation residues and α decay. The α decay 
of the daughter 230Pu was identified at an energy of 
(7.06±0.02) MeV and a half-life of (127±17) s. Four 
spontaneous fission events were observed during the irra-
diation. They were also attributed to the decay of 234Cm. 
Our new results for these isotopes are in agreement with 
our previous data [2].   
 The identification of the new isotope 235Cm was made 
by using the same method. We observed six α decay 
chains which were tentatively assigned to 235Cm 
(235Cm→231Pu→227U→223Th). In four cases the first gen-
eration α energy was (6.67±0.02) MeV, in two cases 
(6.98±0.02) MeV. The suggested decay scheme of 235Cm 
is presented in Fig. 2. 
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Figure 2: Suggested decay scheme for 235Cm. Spin and 
parity of the states are extrapolated from systematics. 
The main decay mode of the 235Cm ground-state is 
electron capture and β+-decay. We did not measure inter-
nal conversion electrons. Some of the decay characteris-
tics were obtained from the theoretical predictions. The α 
decay branch is only ~ 1 %, which is dominantly populat-
ing an excited state of 231Pu at (310±20) keV. The half-
life of 235Cm was not measured, because we did not iden-
tify the implanted evaporation residues at the high back-
ground produced by correlation with α decay of 235Cm. 
 We plan to confirm the suggested decay scheme of 
235Cm in a future experiment (GSI proposal, U228). In 
this study we will synthesize 243Fm in the reaction 
208Pb(40Ar,3n)243Fm. The isotope 235Cm will be produced 
by the α decay chain 243Fm→239Cf→235Cm. 
The partial cross-section of the α decay branch of 
234Cm was (510±230) pb and for spontaneous fission it 
was (96±53) pb. The partial cross-section of the α decay 
branch of 235Cm was estimated to be (330±130) pb. 
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Seaborgium isotopes were produced in the reaction 
of 30Si + 238U by using the velocity filter SHIP, and the  
production cross-sections were determined. The beam of 
30Si6+ was prepared from enriched material, 30SiO (en-
richment 99.5 %), at the 14 GHz ECR ion source. The 
beam intensities were typically 0.7 – 1.0 pμA. The ex-
perimental set-up is essentially the same as in previous 
experiments [1].  
The uranium targets were prepared by evaporation of 
238UF4 on 45 μg/cm2 carbon backing. The 238UF4 target 
layers had thickness of 375 – 404 μg/cm2.  
The focal plane detectors were used to measure the 
recoil implantation and the subsequent alpha decays or 
spontaneous fission (sf). Behind the focal plane detector, 
we mounted a clover detector consisting of four Ge crys-
tals. Due to the high multiplicity of gamma-rays emitted 
from the fission fragments, coincident gamma-ray are 
observed with a probability of 80%.  
We used three different reaction energies of 
Ec.m.=144.0, 133.0 and 128.0 MeV, which were chosen so 
that the energy yields the maximum of the ER cross-
sections for 5, 4, and 3n channel excitation functions ac-
cording to a statistical model calculation. The accumu-
lated beam doses were 1.8×1018, 4.0×1018 and 1.7×
1018, respectively.    
The observed decay chains or sf events are shown in 
Fig. 1. At Ec.m.= 144.0 MeV, we observed three alpha 
decay chains from 263Sg (event number 1, 2, 3 in Fig.1 ), 
produced by five neutron emission. The energy and half-
life agree with the literature values [2,3]. The cross-
section for 263Sg was 67(+67-37) pb. We also observed sf 
(No. 4), which we tentatively assign to 262Sg. The cross- 
section was 22(+51-18) pb.  
At the lower reaction energy of Ec.m.= 133.0 MeV, 
we observed four sf events (No. 5, 6, 7 and 8). Three 
events  from No. 5 to No. 7 have similar lifetime, and the 
half-life is determined to be 120(+126-44) ms. The excita-
tion energy of the compound nucleus is 11 MeV less than 
in the case of  144.0 MeV reaction energy, so that we 
assign these events to the new isotope 264Sg. We obtained 
a cross-section of 10(+10-6) pb for 264Sg. The sf of No. 8 
has longer half-life. We tentatively assign this sf to 261Rf, 
daughter of 265Sg produced in the 3n channel. The cross- 
section for this event was 3.5(+8.1-2.9) pb.  
At the lowest energy of Ec.m.= 128.0 MeV, no decay 
events were measured. We determined an upper cross- 
section limit of 15 pb at 68% coincidence level.  
 
 
Figure 1: The observed decay chains or spontaneous fis-
sion events in the reaction of 30Si+238U.  
   The cross-sections are compared to a statistical model 
calculation which takes into account the prolate deforma-
tion of 238U in the capture process. It is found that the 
collision of 30Si with the equotorial side of  238U results in 
complete fusion without any significant fusion hindrance, 
whereas competition between fusion and quasifission is 
present at collisions with the tips of 238U. Detailed discus-
sion is given in our publication [4]. 
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Superheavy elements owe their existence exclusively to 
nuclear shell effects which stabilize them against sponta-
neous fission (SF). Theoretical predictions locate the cen-
ter of stability at the hypothetical doubly-magic spherical 
nucleus with Z=114 and N=184 [1]. Calculations with the 
inclusion of higher orders of deformation [2] suggest the 
ground state shell correction energy of deformed nuclei 
around Z=108 and N=162 to reach values as large as for 
298114. The increased stability leads to local minima at the 
N=162 neutron shell and a large difference in Qα values 
between Ds and Hs isotones. This is clearly visible in 
Figure 1, but so far no experimental αídecay energies are 
available for N=162 nuclei. 
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Figure 1: Qα values from theoretical calculations and ex-
perimental data; the value for 270Hs (open square) is from 
this work. 
In [3, 4], two decay chains were tentatively assigned to 
270Hs based on the previously reported decay properties. 
However, this tentative assignment was not conclusive as 
the reported 270Hs decay chains, consisting of αíαíSF
decay sequences, were very similar to the ones assigned 
to 269Hs. In this work we report the first synthesis and 
identification of the even-even nucleus 270Hs and the ob-
servation of its αídecay to 266Sg [5]. Contrary to earlier 
reports [6,7] 266Sg is not decaying by αíparticle emission 
but by SF with a relatively short half-life.  
A rotating 248Cm target was bombarded with a  26Mg5+ ion 
beam at the UNILAC, GSI Darmstadt. Beam energies of 
145 MeV and 136 MeV (center of target) were used to 
produce Hs isotopes in the 5n and 4n evaporation chan-
nels, respectively. Typical beam intensities on target were 
0.8 particle-μA. Integrals of 1.46×1018 and 2.02×1018
26Mg5+ ions were accumulated at 145 and 136 MeV, re-
spectively. An efficient rapid chemical separation method 
[3] together with the on-line detection system COMPACT 
[8] was used for the isolation and detection of Hs. 
Seven decay chains attributed the decay of 269Hs are de-
scribed in [9]. Four αíSF chains exhibit a narrow distri-
bution of αíparticle energies with Eα=8.89±0.03 MeV. 
They were terminated by SF with an average lifetime of 
~0.5 s. Three out of four chains were detected at the lower 
beam energy at the expected maximum of the 4n evapora-
tion channel. This sequence is different from all known 
decay patterns. As the detection efficiency for an α-
particle is 80%, there is a less than 0.1% probability that 
these observed αíSF chains are incomplete αíαíSF
ones, where always the same αíparticle was missed. We 
assign these four chains to the decay of the new isotope 
270Hs and its daughter 266Sg. From the measured data 
Qα=9.02±0.03 MeV and a half-life of 22 s for 270Hs were 
derived. Measured decay properties of the observed iso-
topes are summarized in Tab 1. 
Tab.1. Decay properties of Hs and Sg nuclei. 
Z A Decay mode Half-life Eα
108 269 α í 9.07±0.03 
8.92±0.03 
108 270 α í 8.89±0.03 
106 265 α 14.9  s 1.9 1.4
+
−
8.68±0.04 
106 266 SF 444  ms 444148
+
−
The αídecay energy of doubly-magic 270Hs is in good 
agreement with theoretical calculations, which take into 
account shell stabilization of deformed nuclei. 270Hs is the 
first experimentally observed even-even nucleus on the 
predicted N=162 neutron shell. 
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A rapid radiochemical technique has successfully been
used to discover doubly-magic 270Hs [1]. The experimen-
tal setup, based on the detection system COMPACT is de-
scribed in [2]. Several successful experiments were done in
the last three years [1, 3] at GSI. Here we present our recent
experiment aimed at the chemical separation of 268Hs, pro-
duced in the nuclear reaction 248Cm(25Mg, xn)273−xnHs.
The nuclide 268Hs is unknown. It is expected to decay by
α-particle emission with a half-life of less than one second
to 37-ms spontaneously fissioning 264Sg. To be sensitive to
such short-lived isotopes, the overall transport time of pro-
duced Hs nuclides from the target to our detection system
was minimized and a value of less than 1 s was reached.
There are two main contributions to the overall trans-
port time. These are the time necessary for (i) comple-
tion of the chemical reaction and (ii) transport of the nu-
clides. Chemical reactions can be accelerated by increas-
ing the temperature. In our experiment, the recoil chamber
and quartz filter, where oxidization occurs, were heated to
400 ◦C and 650 ◦C, respectively. To minimize the trans-
port time, the distance between the recoil chamber and the
detector setup has to be minimized. Because of the high ra-
diation close to the target during irradiation, the chemical
detection system is usually placed in separate room behind
a thick concrete wall. This, however, increases the length
of the transport line up to tens of meters, preventing the
investigation of short-lived nuclei. Placing the COMPACT,
surrounded by shielding, directly in the irradiation cave has
allowed reduction of the transport line length to 4 m. This
corresponds to a transport time of less than one second.
The shielding of the COMPACT consisted of a 40-cm thick
concrete wall, a 15-cm thick boron-paraffin layer, and a 7-
cm thick Pb layer. This shielding proved to be satisfactory,
as no electronic noise was observed and the background of
events detected in the detector did not increase significantly
compared with previous studies, when COMPACT was lo-
cated outside of the irradiation cave. The experiment was
operated remotely from the experiment control room.
With beam intensities of 1.5 particle-μA, an integral of
3.61× 1018 particles was accumulated during nine days of
irradiation. The lab-frame beam energy in the center of the
target was 140 MeV, where HIVAP predicts the maximum
cross section of ∼1 pb for 268Hs. No events that could be
attributed to the decay of 268Hs or 269Hs were detected.
For cross section calculations of the short-lived 268Hs,
knowledge of the mean transport time is necessary. This
was estimated from measurements with short-lived Os iso-
topes. In bombardments of an enriched 152Gd target with
a chopped (1 s on/59 s off) 25Mg beam, the isotopes 171Os
and 172Os with half-lives of 8.3 and 19.2 seconds, respec-
tively, were produced. The time dependence of the count-
ing rate of the 171Os and 172Os decays was examined and
is presented in Figure 1.
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Figure 1: Time dependence of detected α−decays of
171,172Os in the detector and fit from a Monte Carlo simu-
lation. Zero corresponds to the start of the irradiation.
A Monte Carlo simulation was performed, modelling the
transport of the activity in the transport line. A lognor-
mal shape of the transport time distribution was deduced
from this model. We determined the parameters from a
best fit procedure of the observed time dependence of de-
tected α−decays. A mean transport time of ∼ 1 second
was calculated, in agreement with expectations.
Because the transport time is of the same order as the
expected half-live, the overall detection efficiency depends
on the half-life of the nuclide. A one event cross section
limit of 0.8 picobarn (63.2% c.l.) has been reached for Hs
isotopes with an assumed half-life of one second in this ex-
periment. We conclude that the chemical approach allows
the investigation of Hs isotopes with a half-life of one sec-
ond below the one picobarn level.
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Our first series of experiments yielded an upper limit of 
3x10-5 for the α-decay branch of 239Cm [1,2] produced in 
the 12C + 232Th reaction. In these experiments, only α-
spectra were evaluated as the γ-spectra were not clean 
enough to identify γ-lines from the decay of 239Cm or its 
daughter 239Am. Due to the use of 3.9 µm thick Cu 
catcher foils in a rotating catcher wheel behind a rotating 
target setup, γ-spectra dominantly showed lines from the 
decay of 153Sm, 150,151Pm, and 147,149Nd. Those homolo-
gous rare earth elements, produced in fission with cross 
sections of about 5 mb, were stopped in the Cu catcher 
but were only partly separated in the chemical procedure. 
71,72As and 69Ge, produced in reactions of 12C with the Cu 
catcher, created an additional background. 
In recent experiments, 1 µm thick Cu foils produced by 
the GSI target laboratory were used in 120-150 mbar He 
in stationary target-catcher setups. These foils are suffi-
ciently thick to stop all fusion products (0.3 µm range) 
but thin enough to let most fission products pass (3-6 µm 
range) and to minimize interaction of the 12C beam with 
the Cu catcher. This provided a breakthrough and allowed 
identifying the 188 keV γ-line assigned to 239Cm [3] as 
well as γ-lines of the EC-decay daughter 239Am. 239Cm 
was produced in (≤ 0.4 µApart) 12C + 232Th reactions. A 
faster and more efficient chemical separation procedure 
was applied [4]. Instead of two different elution media 
with 0.25M and 0.30M α-HIB, the whole separation was 
conducted with 0.40M α-HIB at pH=4.6. Figure 1 shows 
improved elution curves from a cation exchange resin.  
Since this time all samples contained only small amounts 
of Sm and Pm, we added 244Cm as a tracer making the 
yield determination even more reliable. Overall yields 
varied between 75% and 90%. 
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Figure 1: Chromatogram with tracer elements. Drops 
80 to 150 were selected as the Cm fraction. 
We performed irradiations at 74, 70, and 66 MeV 12C 
energies in the middle of the 360 µg/cm2 Th targets. 74 
MeV was selected because at this energy, HIVAP calcula-
tions predict the highest 239Cm cross section. However, as 
we cannot exclude that α-events observed around 6.4 
MeV stem from tailing of the 6.52 MeV α-lines of 238Cm, 
which is abundantly produced at this energy and which 
has a similar half-life, no attempt was made to determine 
an α-decay branch in 239Cm from this experiment. 
70 MeV was selected because interfering 238Cm should 
be produced less by a factor of 80, whereas production of 
239Cm should drop by a factor of 1.7 only. Finally, 66 
MeV was chosen because 240Cm has its production maxi-
mum there. This allowed to check if events around 6.4 
MeV can be produced by α-β-pileup. Though the 240Cm 
activity was higher than in the other experiments, not a 
single α could be detected between 6.35 MeV and 7.0 
MeV during the first day of measuring time. The 188 keV 
γ-line, assigned to 239Cm [3], was measured in experi-
ments at 70 and 74 MeV irradiation energy.  In addition, 
the 229 and 278 keV γ-lines of the daughter product 
239Am were detected. Since at 70 MeV irradiation energy, 
HIVAP predicts a factor of 2000 lower cross section for 
239Am as compared to 239Cm, we feel safe to attribute all 
measured 239Am to 239Cm daughters. As the absolute in-
tensity of the 239Cm 188 keV γ-line is not known, we 
started our analysis with the assumption of 100% abun-
dance. Based on this, we calculated how much 239Am is 
produced in the 239Cm EC-decay. As the experimentally 
observed amount of 239Am at 70 MeV is a factor of 
2.8±0.8 higher, we concluded that the 188 keV γ-line has 
an intensity of about 36%. The error (90% c.i.) includes 
uncertainties in the half-life of 239Cm between 2 and 4 h 
and in the Cm-Am separation yield between 30% and 
70%. The 70 MeV experiments yielded five α-decays 
between 6.36 and 6.45 MeV within the first 10 h of meas-
urement. An average background of 0.625 events, deter-
mined in a long background measurement without a sam-
ple, was subtracted (note that the background with a sam-
ple could be somewhat higher). This yields a ratio of α-
decay to EC decay of ≤ 1.9x10-5 (90% c.i.) and ≤ 1.4x10-5 
(68.3% c.i.) for the decay of 239Cm. 
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To optimize and improve the new separator TASCA 
(TransActinide Separator and Chemistry Apparatus) [1], 
3D magnetic field measurements and simulations of the 
TASCA dipole magnet (C-type) and quads were per-
formed.  
All field calculations were made with the finite-
element code KOMPOT [2, 3]. KOMPOT simulates vari-
ous 3D stationary field distributions. The code has rich 
graphic tools (Fig.1, 2) for building finite-element mod-
els. The postprocessor is capable to produce distributed 
and integral magnetic characteristics. For example, field 
maps or magnetic fluxes and EM forces for a given region 
are created. The graphical interface makes it possible to 
visualize calculated field distributions in any region of 
interest and to compare it with data measured at the GSI. 
 
  
a)                                            b) 
Figure 1:a ) 3D-graphic presentation of the C-magnet; 
b) Magnetic field distribution on the magnet surface. 
 
The model developed for the C-magnet was reduced to 
one quarter of the magnet (Fig.1). The mesh had ≈0.5M 
nodes. More than 30 runs were carried out: a) with cur-
rents varying from 50 A to 700 A; b) with 700 A to opti-
mize pole shapes; c) for the optimized poles shape with 
the currents up to 850 A.  
Comparisons between measurements and simulations 
show good agreement. Computational model and mag-
netic measurement data allow calculating magnets with 
required magnetic field distributions. In addition, the syn-
ergism between model calculation and measurement does 
yield much better and much more economic results in 
magnet design and optimization. The magnetic field simu-
lations provide the 3D field map in the working area of 
the dipole magnet and the corresponding optical charac-
teristics for the entire envisioned induction (current) 
range. 
In addition 3D field simulation has been performed for 
the quadrupoles [2, 3] in order to obtain magnetic field 
maps for (i) a single quadrupole magnet, (ii) two quads 
turned by 90 degrees relative to each other around their 
common axis and (iii) two quads taking into account the 
magnetic permeability of the duct and a valve (Fig.2). 
a)                                 b) 
Figure 2: a) Computational model of a doublet of quads.  
b) Magnetic field distributions on the surfaces of a single 
quadrupole with a valve.  
The calculation mesh of doublet of quads contains 
≈0.5M finite elements (Fig.2a). This model was used as 
reference to calculate the field for a set of coil currents 
from 200 to 650 A. The FE model allowed calculation of 
a precise field map for two nearby quads. The 3D field 
distribution was obtained in each quad, in between quads 
and in the region from the quad edge to the external 
boundary. The field of a single quad can be assessed as-
suming negligible interference of the magnet ends.  
The second calculation model accounts for the influ-
ence of the duct and the vacuum valve (Fig.2b). Direct 
subtraction of field maps obtained with two different 
models (with and without the duct) using the same FE 
mesh revealed minor deviations of field and field gradient 
in the working area of the quads. Both the field and gradi-
ent deviations were found to be below 0.05%. As the vac-
uum valve introduces an asymmetry in the magnet sys-
tem, an FE mesh should be built over the entire R3 area 
that necessitates significant increase in computational 
resources. To study the influence of the valve a dedicated 
FE model was developed. The model has >0.4·106 finite 
elements. From the measured data provided by GSI, the 
vacuum valve permeability was taken constant as 
μVL=1.4. An additional calculation at μVL= 1.0 gave as-
sessment for the vacuum valve influence. The resultant 
field deviations with valve and without valve in the work-
ing area were as low as ΔB = 2 G, and deviations of the 
field gradient were within 0.1%.  
The calculated field maps were used as inputs for the 
TASCA trajectory analysis. 
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Ion-optical calculations are often performed as a first 
step when designing magnetic systems. As a second step 
Monte-Carlo simulations are performed of EVaporation 
Residue (EVR) trajectories through the separator, varying 
parameters like target thickness, gas pressure and magnet 
field. Such a program is very useful to optimize all system 
parameters and to plan and to prepare experiments.  
The new TASCA Monte-Carlo SIMulation program 
(TSIM) is based on the Berkeley Gas-filled Separator 
SIMulation program (BSIM) [1]. TSIM uses magnetic 
field maps of the TASCA dipole and quadrupole magnets, 
simulated by the program KOMPOT [2].  
Trajectories are simulated in three steps. As a first step 
the event generator code TRIMIN (TRIM INput code) 
generates EVRs in the target material. The following tools 
and input parameters are used to characterize these EVRs: 
a) the energy loss for the primary beam in the target mate-
rial is calculated by SRIM [3] or LISE [4]; b) Gaussian 
type distributions with realistic widths are assumed for the 
primary beam energy and angular spread; c) a beam en-
ergy is randomly chosen within the excitation function for 
every EVR birth. A depth in the target material corre-
sponding to this energy is determined; d) initial position of 
compound nuclei trajectories and recoil energies are simu-
lated. They are modified by neutron evaporation with a 
kinetic energy of ~2 MeV emitted in random direction. 
As an output TRIMIN gives recoil energies, position 
distributions and angular distributions for the EVRs inside 
the target, which are used as an input for the second step 
of the simulation process. Here EVRs are transmitted from 
their initial target position through remaining target mate-
rial using the SRIM code [3]. The output file with recoil 
energy distributions and angle distributions of EVRs exit-
ing the target serves as an input file for the last step of the 
TSIM calculation. This part of the simulation program, 
based on the original BSIM program, was adapted for 
TASCA taking especially into account the TASCA ge-
ometry like target position, dimensions of ducts and the 
detector position with variations of the detector size. 
Transmitting EVRs through the gas-filled separator, strag-
gling, energy loss and charge-exchange are taken into 
account.  
Fig.1 shows simulated trajectories of EVRs from the  
Ca + U reaction with TASCA; i.e. the dipole magnet fol-
lowed by the first horizontally focusing quad and the sec-
ond vertically focusing one; see refs. [5, 6] for more in-
formation. TSIM can be used to optimize target thickness 
or duct shapes and it can also be used to find the best gas 
pressure for a specific reaction and magnet settings.  
 
Figure 1: EVR trajectory simulations in TASCA projected 
in the horizontal (upper panel) and vertical (lower panel)  
 
The newly developed KOMPOT [2] postprocessors al-
low calculating ion-optical parameters of the dipole mag-
net (MOPS code – Magneto-Optical Parameters Simula-
tion) and of quads (MOPS2 code) from field maps of the 
working area of the magnets. As program input data we 
have used the magnetic field map. The dipole magnet 
parameters calculated by MOPS are: a) magnetic field 
distribution and its series expansion in the medium plane; 
b) magnetic length distribution and its series of expansion 
in dependence on radius c) bending angle for the central 
trajectory and bending angle distributions at the entry and 
the exit; d) series of expansion for bending angles; g) edge 
angle distribution and the series of expansion at the entry 
and at the exit of the magnet; e) field distribution along 
the central trajectory; f) series of expansion for edge field 
at the entry and at the exit of the magnet.  
MOPS2 allows determining ion-optical parameters of 
quads, based on calculated or measured distribution of 
magnetic field in the working area of the quads, such as: 
a) magnetic field and field gradient in the middle point; b) 
magnetic field and gradient distribution in the medium 
plane; c) series of expansion for field and gradient distri-
butions; d) magnetic length for the central trajectory; e) 
magnetic length distribution depends on extension from 
the central axis; f) series of expansion for magnetic length; 
h) field gradient distribution on the central trajectory. 
References  
[1]  K.E. Gregorich et al. Eur. Phys. J. A 18, 633 (2003). 
[2]  A. Belov et al., contributions to this report. 
[3] J.F. Ziegler, Nucl. Instr. and Meth. in Phys. Res. B  
219, 1027 (2004). 
[4] O.Tarasov, D.Basin, LISE++ home page. 
ftp://ftp.nscl.msu.edu/pub/lise 
[5] A. Semchenkov et al., contributions to this report. 
[6] Ch.E. Düllmann et al., contributions to this report. 
NUSTAR-SHE-10
144
First TASCA Commissioning Experiments in the Small Image Size Mode 
A. Semchenkov1,2 , D. Ackermann1 , W. Brüchle1 , Ch. E. Düllmann1 , E. Jäger1 , E. Schimpf 1 ,          
M. Schädel1 , J. Dvorak2 , R.Schuber2 , A. Türler2 , A. Yakushev2 , K. E. Gregorich3, M. Leino4 ,      
J. Uusitalo4, J.-P.Omtvedt5 
1GSI, Darmstadt, Germany; 2 TU Munich, Garching, Germany; 3 LBNL, Berkeley, U.S.A.; 4 JYFL, Jyväskylä, Finland;     
5University of Oslo, Norway 
 
Ion-optical calculations with the code TRANSPORT 
(TRANS) (test reaction 235 MeV 48Ca + 238UF4 (0.5 
mg/cm2) ==> 283112) were used as a first step to optimize 
and to built TASCA [1,2]. As a next step the TASCA 
Monte-Carlo SIMulation program (TSIM) was developed 
and was applied [3] showing good agreement with previ-
ous results. Results for TASCA in the Small Image Size 
Mode (SIM) are compared in Table 1. Smaller values 
obtained with the more realistic TSIM are mainly due to 
straggling and to charge-exchange processes in the gas. A 
typical product distribution in the focal plane is shown in 
Figure 1. Based on these simulations we opted for a win-
dow with 3 cm in diameter for the SIM Recoil Transfer 
Chamber (RTC) [4]. 
 
Table 1: Result of TRANSPORT ion-optical calcula-
tions and TASCA Monte-Carlo simulations for products 
from the Ca + U model reaction; see text for details. 
Model TRANS TSIM 
Solid angle / msr ≈ 4.3 ≈ 4.2 
Transmission / % ≈ 40 ≈ 35 
Horizontal image size / cm ≈ 3 ≈ 4 
Vertical image size / cm ≈ 3 ≈ 4 
Image area / cm2 ≈ 7 ≈ 13 
 
 
Figure 1: Evaporation residue distribution in the TASCA 
focal plane obtained from a Monte-Carlo simulation of 
the 48Ca + 238U model reaction. The circle depicts the     
15 cm diameter RTC flange. 
First TASCA commissioning experiments in the SIM 
were successfully performed with the reaction 230 MeV 
54Cr + natGd ( 0.6 mg/cm2) ==> 208-211Ra. The Ra distribu-
tion in the (8x3.6) cm2 16-strip silicon Focal Plane Detec-
tor (FPD) is shown in Figure 2. Without any significant 
influence on the transmission the distribution maximum 
was found 0.5 cm to the left and 0.5 cm below the FPD 
center position. A comparison between Monte-Carlo 
simulated and experimental data is shown in Figure 3. 
The shapes of distributions from the experiment and from 
TSIM are the same; the smaller number of alphas as com-
pared with recoils is due to a lower efficiency. The 0.5 cm 
horizontal shift corresponding to ≈ 0.5% in rigidity shows 
that the dipole magnet settings were slightly off. How-
ever, a 0.5% deviation does not influence the experimen-
tal result drastically as the momentum acceptance of 
TASCA in SIM is ± 10% [5]. In general, we observe an 
excellent agreement between theoretical model calcula-
tions and experimental data.   
 
 
Figure 2: 208-211Ra distribution (color coded) in the FPD. 
The reaction was 54Cr + natGd. The circle depicts a 15 cm 
diameter flange, the dashed line the ø 3 cm RTC window. 
 
 
Figure 3: Results from the 54Cr + natGd ==> 208-211Ra test 
reaction compared with a Monte-Carlo simulation. Shown 
is the horizontal distribution in the FPD. 
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One of the main foreseen applications of the gas-filled 
TransActinide Separator and Chemistry Apparatus 
(TASCA) [1] recently installed at GSI is its use as a 
physical preseparator for chemistry experiments [2,3]; see 
configuration shown in Figure 1. EVaporation Residues 
(EVRs) are guided to the focal plane of the separator 
where they penetrate a thin window separating TASCA's 
low pressure regime from the 1 bar regime in the Recoil 
Transfer Chamber (RTC) in which the EVRs are thermal-
ized. Construction of the interface between these two re-
gimes, the RTC window, presents a technical challenge as 
the following requirements have to be met: i) the window 
has to withstand the high pressure difference, ii) it has to 
be gas tight, iii) it has to be so thin that slow EVRs from 
asymmetric hot fusion reactions can penetrate into the 
RTC which necessitates using a support grid, and iv) the 
transparency of this grid has to be high to provide maxi-
mum transmission. As has been described before [4] two 
different ion optical modes are available at TASCA. For 
both TASCA modes, the Small Image Mode (SIM) as 
well as the High Transmission Mode (HTM), flanges ac-
commodating RTC windows that match the correspond-
ing image sizes in the focal plane [4] have been built at 
the TU Munich. Windows made from Mylar foils with 
thicknesses of 3.3 μm and less are supported by a honey-
comb 80%-transparency stainless steel grid. Two RTCs 
were built, the HTM one (140x40 mm2) at U Mainz and 
the SIM one (30 mm ∅) at U Oslo. Both are built in a 
modular way that allows easy changes of depth and gas 
flow pattern, see Fig. 2 for the HTM RTC. Additionally, 
catcher foils can be installed and removed quickly to de-
termine the activity entering the RTC. First commission-
ing took place in Oct./Nov. 2006 in a 40Ar beamtime.  
The HTM RTC was tested with products of the reaction 
natGd(40Ar,xn)~194Pb which were transported with a 
He/KCl gas-jet to a radiochemical lab located about 13 m 
away. Aerosol particles were collected on a glass fiber 
filter that was placed in front of a low energy photon 
counter for γ counting. Unlike in experiments without 
preseparation, where the γ spectrum was dominated by 
lines from unwanted isotopes such as 49Cr or 43m,44Sc pro-
duced in reactions of the beam with various parts of the 
target setup [5], in these tests only γ lines from Pb iso-
topes and their daughters could be identified, proving the 
advantage of preseparation. The SIM RTC was tested 
with short-lived partially α-decaying Hg isotopes from 
the 144Sm(40Ar,xn)184-xHg reaction. Preseparated Hg atoms 
were transported with a pure He jet to the Cryo On-line 
Multidetector for Physics And Chemistry of Transacti-
nides (COMPACT) [6] that registered their α-decay. Only 
α lines from Hg isotopes and their daughters were visible. 
 UNILAC 
beam Beam 
Trajectory 
EVR 
Trajectory 
D 
Q1 
Q2 
RTC  
(1 bar) 
Target 
RTC 
Window 
Gas in 
Gas in 
Gas out to 
Chemistry / 
Detection 
System 
~0.5 mbar 
 
Figure 1: TASCA in the preseparator configuration 
 
Figure 2: The HTM RTC mounted at TASCA. The two 
gas flow regimes are indicated by light and dark arrows. 
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Fully Relativistic ab initio Dirac-Coulomb Calculations
of Atomic Properties of Hg and Element 112 
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For accurate calculations of the electronic structures of
the heaviest elements and their compounds, where relativ-
istic effects are of paramount importance, the usage of 
fully relativistic quantum chemical methods within 4-
component approximation is highly desirable. Such a us-
age encountered until recently difficulties for many elec-
tron systems with respect to the treatment of the electron 
correlation. Meanwhile, this problem has been tackled,
and the latest version of the DIRAC package offers possi-
bility of calculating the electronic structure of the heavy
element compounds using the DC (Dirac-Coulomb) Ham-
iltonian and treating the electron correlation at various
levels of theory including the most sophisticated, such as
the Coupled Cluster Single Double (Triple) excitations
[CCSD(T)] [1]. Meanwhile, optimal basis sets for the
heaviest elements have also been developed [2]. In this
work, we have made use of the recent developments in 
the DIRAC program and calculated atomic properties of
Hg and element 112 at a very advanced level of theory.
In the basis of the DC method lies the many-electron
relativistic Dirac-Coulomb Hamiltonian
¦ ¦

 
i ji
ijDDC rhH /1 , (1)
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where Pnk(r) and Qnk(r) are large and small component,
respectively. The Faegri uncontracted 26s23p18d13f5g2h
basis set was used for element 112 [2], while the Visscher
polarized basis sets was used for Hg [3].
The calculations of polarizability (D) were performed
at the DC single reference CCSD(T) level with the use of
the finite field method. The strengths of the field were
chosen as 0.0001, 0.001 and 0.01 a.u.  Results for D are 
given in Table 1 along with the other best calculated
properties of Hg and element 112. These properties are
needed for calculations of the energy of physisorption of
these elements on inert surfaces like quartz or ice. Ioniza-
tion potentials (IP) were calculated at the Dirac-Coulomb-
Breit Fock-Space CC (DCB FSCC) level [4]. The atomic
radii (AR) were determined as a half of the bond lengths
Re in the dimers Hg2 and (112)2 calculated using the 4c-
DFT method (4-component Density Functional Theory
method, the spin-polarized version, non-collinear ap-
proximation) [5,6]. Also, AR calculated on the basis of
Rmax of the outer electron orbital are similar [7]. Results
are summarized in Table 2. For comparison, non-
relativistic values are also given there.
Table 1. Atomic properties of Hg and element 112
needed for calculations of the energy of physisorption
Property Hg Ref. element 112 Ref.
nr rel nr rel
IP, eV 8.98 10.44 cal.[4] 8.25 11.97 cal.[4]
10.43 exp.
D, a.u. 57.83 33.94 this 25.38 this
33.91 exp.[8] 74.66 25.8 cal.[9]
AR, a.u. 3.91 3.43
3.43
calc. [6] 
exp.[10]
4.32 3.26
3.22
[6]
[7]
One can see that agreement between the present calcu-
lated DC CCSD(T) and experimental value [8] for D(Hg)
is excellent. This guarantees high accuracy of the results
for element 112. With the newly calculated values of IP, D
and AR, the energy of physisorption of Hg and element
112 on quartz was calculated as 'Hads(Hg) = -40.8 kJ/mol
using a model of atom-slab interaction [7]. This value
agrees very well with the measured 'Hads(Hg) = -42 r 2 
kJ/mol. Accordingly, 'Hads(112) = -45.8 kJ/mol. The ob-
tained results indicate that relativistically, element 112
will be stronger adsorbed on inert surfaces than Hg. Non-
relativistically, 'Hads(112) = -40.2 kJ/mol, which means
that non-relativistically, element 112 would have been
less strongly adsorbed than Hg. Thus, relativistic effects
make element 112 less, not more, volatile than Hg upon
adsorption on inert surfaces.
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    During the last 15 years a lot of effort has been in-
vested in the experimental investigation of the chemical 
behaviour of superheavy elements. One was able to show 
that the general feature of the elements 104 to 108 is to 
follow the trend of the continuation of the Periodic Table 
[1]. Details of the experimental methods and results can 
be found in the recent review by Schädel [2].  
    These elements are so heavy that any non-relativistic 
calculation can not give a realistic prediction so that a full 
relativistic calculation is the only appropriate method. 
Details of the theoretical methods and results can be 
found in the review by Pershina [3]. 
The theoretical as well as the experimental effort now 
concentrates on the investigation of the chemical behav-
iour of the elements beyond 110. In this region of ele-
ments up to now nothing is known experimentally. The 
nuclear chemists concentrate on the chemistry of element 
112. They have set up an experiment to investigate the 
adsorption of this element relativ to the homologue Hg 
and the noble gas Rn. Positive results of those experi-
ments have recenly been reported [4].  
During the last years we have investigated theoretically 
the adsorption energy of element 112 and Hg on a Au 
surface. The newest results predict an adsorption energy 
of about 0.7 eV [5] which is somewhat below Hg but rea-
sonably higher than that of Rn. 
    Because all these elements between 110 and 119 now 
become interesting, the effort from the theoretical side 
concentrates on the calculation of small molecules with 
superheavy elements. These kind of calculations together 
with analogue calculations for their homologues allow 
further predictions of their chemical behaviour. Various 
methods have been used so far. A few references 
including results for even heavier elements can be found 
in Ref. [6-10]. 
    Our method of calculation is a full relativistic 4-
component molecular code which now includes the possi-
bility to calculate these systems in a non-collinear fash-
ion. This method allows the magnetic density distribution 
to show in different directions in different regions of the 
molecule. This is connected with different total energies 
and thus modifies the binding energies of the molecules 
compared to the collinear method which is used up to 
now. 
    Table 1 lists the binding energies De, the bond dis-
tances Re and frequencies ωe for a few superheavy mole-
cules with element 111 and 113. For the diatomic mole-
cule (111)2 the potential energy curve in different ap-
proximations is given in Fig. 1. These values are impor-
tant ingredients in order to understand the chemical be-
haviour of these elements which are dominated by large 
direct relativistic effects for the 7p1/2 electrons and large 
spin-orbit splitting of the 7p-shell in the case of element 
113.  
 
Table 1: Bond lengths, Re, bond energies, De, and vibra-
tion frequences,  ωe, for a number of diatomic molecules 
of elements 111 and 113 
 
Molecule Re (Å) De (eV) ωe (cm–1) 
(111)H 1.52 2.85 2804 
(111)F 1.94 2.65 597 
(111)Au 2.57 1.34 150 
(113)H 1.78 1.70 1606 
(113)F 2.23 3.42 375 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Potential energy curve for the system (111)2 
with a large triplet splitting 
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Theoretical predictions of adsorption behaviour is very
important for chemical identification of the heaviest ele-
ments using gas-phase chromatography techniques or 
electrochemical deposition from aqueous solutions. Ear-
lier, we have predicted the adsorption enthalpy 'Hads and 
the temperature Tads for element 112 with respect to that 
of Hg on gold (100) surface [1,2]. Recent experiments
have confirmed theoretically predicted similarity of ele-
ment 112 with Hg [3]. This work is an initial step in the
long-term project on predicting adsorption behaviour of
element 114 with respect to that of Pb on various metal
surfaces. Here, we present calculations of binding ener-
gies De and other spectroscopic properties of the dimers
of Pb and element 114 with group 10, 11 and 14 elements.
The calculations were performed using the 4-
component Density Functional Theory method (4c-DFT)
in the spin-polarized version (non-collinear approxima-
tion) [4]. The results for group 10 and 11 dimers are 
summarized in Table 1. Results for the dimers of Pb and
element 114 with group 14 elements are given in Table 2.
Table 1. Optimized bond lengths (Re), binding energies
(De) and harmonic vibrational frequencies (we) for PbM
and 114M, where M are group 10 and 11 elements
Molecule Re,
a.u.
De,
eV
we,
cm-1
PbNi 4.50 1.80 -
PbPd 4.73 1.95 201.77
PbPt 4.63 3.53 213.49
PbCu 4.80 1.60 -
PbAg 5.05 1.22 -
PbAu 4.99 2.15 152.73
114Ni 4.70 0.25 -
114Pd 5.08 0.79 137.82
114Pt 4.84 1.11 157.37
114Cu 5.20 0.47 -
114Ag 5.50 0.30 -
114Au 5.44 0.73 96.70
The results of Table 1 show that element 114 should
form relatively strong bonding with the group 10 and 11
transition elements which is about 1 eV weaker than that 
of the corresponding Pb compounds. Bonding of both Pb
and element 114 with Pt should be the strongest among
these transition metals, while that with Ag should be the
weakest. With group 14 elements (Table 2), Sn and Pb,
element 114 should also form rather strong bonding,
about 1 eV weaker than that of Pb. Re of the 114 com-
pounds are respectively longer. The bond in (114)2 is
stronger than the pure van der Waals one (Fig. 1).
Table 2. Optimized bond lengths (Re), binding energies
(De) and harmonic vibrational frequencies (we) for PbM
and 114M, where M are group 14 elements
Molecule Re,
a.u.
De,
eV
we,
cm-1
Ref.
PbSn 5.50 2.93 - this
PbPb 5.62
5.53
1.18
0.86r0.01
107
110
this
exp. [5] 
114Sn 5.80 1.83 - this
114Pb 6.00 0.406 - this
(114)(114) 6.60 0.13 26 this
The present results show similar trends for De, Re, and 
we of PbM and 114M as a function of the second metal
atom M. The trends in De for PbM are also similar to 
'Hads of Pb on the corresponding metal surfaces [6]. The
calculated De for the dimers can be used for first estimates
of 'Hads(114) on the corresponding metal surfaces, as it 
was done for element 112 [7]. We share the opinion of [8]
that the DFT results for various systems are systematic
and offer consistent trends in properties.
Fig. 1. Binding energy of (114)2 as a function of the
bond length Re calculated in various DFT approximations.
The highest level of approximation is B88/P86.
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Fast electrochemical deposition of Bismuth 
H. Hummrich, J.V. Kratz 
Institut für Kernchemie, Johannes Gutenberg-Universität Mainz, Germany
Fast electrochemical deposition is a promising method 
for the aqueous chemistry of the superheavy elements [1]. 
To perform electrodeposition experiments, the knowledge 
of basic electrochemical parameters like deposition poten-
tials and the deposition velocity is necessary. To prepare 
experiments with element 115, its homolog Bi was inves-
tigated.  
Experiments were performed with carrier free 212Bi (t1/2 
= 60 min, Eγ = 727 keV). 1 ml of a solution of 212Pb in  
0.5 M HCl was obtained via the emanation method [2]. 
The solution was passed through a column (d = 8 mm, l = 
15 mm) filled with the cation exchanger Dowex 50x8 
(100 - 200 mesh). Under the given conditions 212Pb is 
retained, whereas 212Bi forms an anionic chloro complex 
and passes the column. A total elution volume of 2 ml was 
sufficient to elute 90 % of the activity. The eluate was 
evaporated to dryness and dissolved in 1 ml 0.1 M HCl. 
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Figure 1: Potential curve for the electrochemical deposi-
tion of 212Bi on various electrodes from 0.1 M HCl. 
Electrochemical deposition experiments were per-
formed using a potentiostatic setup with an electrochemi-
cal cell for fast electrochemical depositions [3]. The elec-
trolyte was 0.1 M HCl, the working electrode material 
was varied. 1 ml electrolyte containing 212Bi was electro-
lysed for 10 min, starting at the electrode rest potential 
which is obtained without applying external current. The 
deposited activity was measured for 1 min by γ-
spectrometry and then electrolysis was resumed at a more 
negative potential etc. 
 
Table 1: Ecrit and E50% values for the deposition of Bi from 
0.1 M HCl on various electrode materials  
Electrode Ecrit E50% 
Au +250 -240 
Pd +290 +180 
Cu -180 -260 
Ni spontaneous deposition 
Potential curves for the deposition of Bi on Au, Ni, Pd, 
and Cu are shown in Fig. 1. The critical potential (Ecrit), at 
which a significant deposition sets in, and the potential 
for the deposition of 50 % of the atoms in solution (E50%), 
are indicated. Numbers are given in Table 1. In agreement 
with literature [4], a nearly complete deposition of Bi on 
Ni is already observed at the rest potential (spontaneous 
deposition). For the deposition on Cu and Pd, s-shaped 
curves are obtained. The corresponding Ecrit and E50% val-
ues for the deposition on Pd and Cu differ more than 400 
mV, meaning that the interaction of Bi and Pd is much 
stronger than the interaction of Bi with Cu. The deposi-
tion yield for the deposition on Au increases only slowly 
with decreasing potentials, resulting in a big difference in 
Ecrit and E50%. This can be taken as is a sign for a hin-
drance in the electrodeposition process.  
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Figure 2: Electrodeposition velocity for the spontaneous 
electrodeposition of 212Bi on Ni from 0.1 M HCl at room 
temperature (filled squares) and at 75 °C (open squares). 
The electrodeposition velocity was determined for the 
spontaneous deposition of 212Bi on Ni. Electrolysis was 
performed for a certain time and the deposited activity 
was measured. The time for the deposition of 50 % of the 
atoms in solution (t50%) was 35 s at room temeperature. 
This value could be lowered to 11 s by increasing the 
electrolyte temperature to 75 °C. 
If isotopes of element 115 with a half-live in the range 
of 10 s were available, electrodeposition experiments 
should be performed with Ni or Pd electrodes. 
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Discriminant analysis (DA) is a statistical technique for
predicting a class membership for a set of vectors of ob-
servations, based on a set of variables known as predic-
tors. The model is built on a set of observations for which
the classes are known (a training set). For the training
set, DA searches for a transform, or a reference frame,
which makes the classes most distinct, i.e. which maxi-
mizes the between-class variance, σinter , while minimiz-
ing the within-class variance, σintra, (see e.g. [1]). Defin-
ing the within-class variance as a sum of individual co-
variance matrices for the N classes of interest: σintra =∑N
k=1 σk and the between-class variance as a complement:
σinter = σtot − σintra, where σtot is the covariance ma-
trix for the whole training set, the searched for reference
frame is found as a set of eigenvectors solving the general-
ized eigenvalue problem: (σ−1tot ·σinter)v = λv. The N−1
eigenvectors reduce the dimensionality of the problem and
span the subspace in which the classes are best separated.
DA has a broad range of applications: from its pioneer-
ing application in plant taxonomy [2] through applications,
e.g., in image recognition and marketing to those in nuclear
physics [1, 3]. We found it also very well suited for recog-
nizing the charge of secondary beams from the GSI frag-
ment separator (FRS) used as projectiles in the S254 exper-
iment [4]. In this experiment, a primary 142Nd beam was
used to produce the exotic 124La and 107Sn projectiles fo-
cused finally on the Sn targets in Cave B. In order to avoid
background for the experiment from reactions up-stream,
the amount of material along the beam path had to be min-
imized. In particular, ionization chambers, often used in
secondary-beam experiments to determine the Z of the in-
coming beam, were not used in this experiment. The charge
of the beam entering Cave B could only be measured for the
projectiles which did not interact with the target, using the
MUSIC IV tracking chamber down-stream of the ALADIN
magnet. Those events (scaled down) were used as the train-
ing set. After realistic simulations of the beam transport, it
was found that the most promising observable to determine
the projectile Z could be the position of the beam at the tar-
get, measured with the position-sensitive plastic scintillator
detector installed there for the tracking.
The upper part of Fig. 1 shows the position measured
with the plastic scintillator at the target for non-interacting
projectiles. The middle group contains all the La projec-
tiles (Z=57), the left peak contains all the heavier and the
right one all the lighter projectiles. The average efficacy
of charge recognition using this method was found to be
about 70%. For other “scalar” observables the efficacies
are even lower, e.g., only about 30% using the energy loss
in the position detector and only about 60% using the high-
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Figure 1: Charge distributions as obtained using the po-
sition of the beam at the target (top) and the DA with
189 dimensional input vectors of observations projected on
the longest eigenvector (bottom). The numbers (top-right)
specify the discrimination power [3] for the two methods.
resolution A/Z information obtained from the time at S8
and the position at S2 at the FRS. The lower part of the fig-
ure shows the same three classes of charge but now the dis-
tributions are drawn as projections on the longest eigenvec-
tor obtained using the DA technique with the 189 dimen-
sional input vectors of observations. These input vectors
contain the information obtained from all the up-stream
detectors, i.e. the times and amplitudes of the S2 and S8
FRS scintillators and from the start and position detectors
in front of the target. The 18 raw signals were, in addi-
tion, combined into pair products to maximize the DA effi-
ciency (see e.g. [3]), altogether resulting in 189 input vari-
ables. The so obtained average efficacy of charge recogni-
tion reaches about 90%. Using also the measured projectile
A/Z, isotopically pure beams can thus be selected.
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GSI, Darmstadt, Germany
Collective flow observables are being of interest since
the beginning of experimental studies of heavy ion colli-
sions, mainly due to their presumed link to the question of
nuclear equation of state. The present study is an exten-
sion of the ones outlined in [1] of the Au+Au collisions
measured at GSI, at energies 40-150 AMeV, using the IN-
DRA detector. Unlike the previous studies, the present one
takes into account the corrections for the reaction plane dis-
persion, being of increasing importance below about 100
AMeV, and the instrumental effects, mainly the multi-hit
corrections. The method of correcting for the reaction
plane dispersion taking into account the correlation be-
tween the sub-events has been outlined in [2] and described
in more detail in [3]. The corrections change the measured
results for the directed flow by factors of up to two in the
region of vanishing flow and thus are non-negligible.
The results presented below come from the review chap-
ter on flow and stopping from [3] which aimed to supply
the “theory-ready” excitation functions of directed and el-
liptic flow, for the Au+Au system, covering and merging
the energy regions studied by the INDRA-ALADIN and
the FOPI collaborations. In the overlap region, the agree-
ment of the corrected results from the two experiments is
remarkably good for both, the directed and elliptic flow.
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Figure 1: Slopes of directed flow ∂v1/∂y for Z = 2 par-
ticles integrated over pT for mid-central collisions (2–5.5
fm). The open and filled symbols represent the FOPI [4]
and the INDRA data, respectively.
The excitation function of the slope of the directed flow,
∂v1/∂y, at midrapidity for Z = 2 (Fig. 1) is seen to rise
monotonically with energy over the full range of 15 to 400
MeV per nucleon which is covered by the two experiments.
The trends presented for uncorrected data [1], including
the sign-change, are preserved, however the absolute val-
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Figure 2: Elliptic flow parameter v2 at mid-rapidity for
collisions at intermediate impact parameters (about 5.5-7.5
fm) as a function of incident energy, in the beam frame.
The filled and open circles represent the INDRA and FOPI
[5] data, respectively, for Z = 1 particles, the triangles rep-
resent the EOS and E895 [6] data for protons and the square
represents the E877 data [7] for all charged particles.
ues changed due to the applied corrections. The excitation
function does not show an indication of a minimum and
changes sign between 50 and 60 MeV per nucleon.
Elliptic flow (Fig. 2) for Z = 1 varies as a function of
energy from a preferential in-plane, rotational-like emis-
sion (v2 > 0) to an out-of-plane, or ‘squeeze-out’ (v2 < 0)
pattern, with a transition energy at about 150 AMeV. For
higher energies, the strength of the collective expansion
overcomes the rotational-like motion, leading to an in-
crease of out-of-plane emission. A maximum is reached
at about 400 AMeV, followed by a decrease towards a tran-
sition to again preferential in-plane emission at relativistic
energies [6, 7].
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Isospin Effects in Spectator Fragmentation at Relativistic Energies ∗
C. Sfienti, S. Bianchin, M. De Napoli and W. Trautmann for the ALADiN2000 Collaboration
GSI, Darmstadt, Germany
A systematic study of isotopic effects in the break-up of
projectile spectators at relativistic energies has been per-
formed with the ALADiN spectrometer at the GSI labora-
tory [1, 2]. Besides a primary beam of 124Sn, also sec-
ondary beams of 124La and 107Sn produced at the FRS
fragment separator have been used in order to extend the
range of isotopic compositions.
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Figure 1: The extracted τ parameters as a function of Zbound for
124La, 124Sn and 107Sn at 600 AMeV, compared with earlier data
for 197Au obtained at the same energy.
The gross properties of projectile fragmentation are very
similar for all the studied systems [1], as demonstrated for
the τ parameterization (σ(Z) ∝ Z−τ ) of the charge yields
σ(Z) in Fig. 1. The fitting range was 3 ≤ Z ≤ 15. The
τ parameters follow a nearly universal curve with a mini-
mum near the reduced Zbound/Zproj=0.5. Specific isotopic
effects, even though small, can nevertheless be observed:
in particular, the hierarchy of τ for the neutron-poor 124La
and 107Sn and neutron-rich 124Sn and 197Au systems for
Zbound/Zproj > 0.5 is opposite to the standard predictions
of the Statistical Multifragmentation Model SMM. It can,
however, be explained with a weak isotopic dependence
of the surface-term coefficient in the liquid-drop descrip-
tion of the fragment masses at low excitation energy which
gradually disappears with increasing excitation of the frag-
menting system [3].
The mean N/Z of the isotope distributions of light frag-
ments in the range 3 ≤ Z ≤ 13 for two different Zbound
cuts is presented in Fig. 2. The values obtained for 124Sn
are larger than those for 124La or 107Sn (not shown) as ex-
pected from the different N/Z of the original projectiles.
Their odd-even variation is, however, much more strongly
∗Work supported by the European Community under contract No.
HPRI-CT-1999-00001
Figure 2: Mean values < N >/Z of light fragments with 3 ≤
Z ≤ 13 produced in the fragmentation of 124Sn and 124La at 600
A MeV for two different bins in Zbound.
pronounced for the neutron-poor cases. The strongly bound
α-type nuclei (even-even N = Z) attract a large frac-
tion of the product yields during the secondary evaporation
stage [4]. This effect is, apparently, larger if already the hot
fragments are close to N = Z symmetry, as it is expected
for the fragmentation of 124La and 107Sn [5].
The observed patterns are very systematic, as confirmed
by comparing with earlier inclusive data obtained with the
FRS [4]. They exhibit at the same time nuclear structure
effects characteristic for the isotopes produced and signifi-
cant memory effects of the isotopic composition of the ex-
cited system from which they originate. A precise mod-
eling of these secondary processes is, therefore, necessary
for quantitative analyses.
In the case of the 124La, moreover, a small difference in
the mean N/Zs for the two Zbound cuts is observed which
is absent for 124Sn. This characteristics is predicted by the
SMM [5]. In the statistical scenario, this difference arises
from the dependence of the number of neutrons which will
have to be carried by the light fragments on the Z spectrum
of heavy fragments and on their capability of carrying neu-
trons which increases with fragment mass. The observation
of this effect supports the idea of overall equilibrium of the
system at breakup.
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Modification of surface energy in nuclear multifragmentation
A.S. Botvina1,2, N. Buyukcizmeci3, M. Erdogan3, J. Łukasik1,4, I.N. Mishustin5,6, R. Ogul1,3, and
W. Trautmann1
1GSI, Darmstadt, Germany; 2INR, Moscow, Russia; 3Selc¸uk University, Konya, Turkey; 4NINP, Krako´w, Poland;
5FIAS, Frankfurt, Germany; 6KI, Moscow, Russia
A break-up of nuclei into many fragments (multifrag-
mentation) has been observed in nearly all types of nuclear
reactions when a large amount of energy is deposited in
nuclei. According to the present understanding, multifrag-
mentation is a relatively fast process, with a characteristic
time around 100 fm/c, where, nevertheless, a high degree of
equilibration (chemical equilibrium) is reached. The previ-
ous ALADIN experiments have provided extensive infor-
mation about multifragmentation of projectiles in periph-
eral nucleus-nucleus collisions at high energy [1]. It was
established that the statistical multifragmentation model
(SMM) [2], which assumes a thermal equilibration among
hot fragments in a freeze-out volume at subnuclear densi-
ties, describes the data successfully [2, 3]. The multifrag-
mentation reaction can be considered as an experimental
tool to study the properties of hot fragments and the phase
diagram of nuclear matter at densities ρ ≈ 0.1 − 0.3ρ0
(ρ0 ≈ 0.15 fm−3 is the normal nuclear density) and tem-
peratures around T ≈ 3–8 MeV which are expected to be
reached in the freeze-out volume. This part of the phase
diagram is also very important for processes during the su-
pernova II explosions and neutron star formation. Prop-
erties of fragments imbedded in hot dense environments
may be modified in comparison with isolated fragments.
As was established previously [4], the symmetry energy of
fragments decreases when the multifragmentation channels
become dominating with increasing excitation energy.
By using the SMM approach we address the surface en-
ergy of fragments in multifragmentation [5]. For this pur-
pose, a new analysis of the ALADIN data obtained with
238U, 197Au and 129Xe projectiles [1] was performed. In
addition to the previous analyses [2, 3] we have examined a
dependence of the τ parameters, characterizing Z−τ fit of
the fragment yields, on the bound charge Zbound contained
in the observed fragments. The values of Zbound/Z0 ≈ 0.9
(Z0 is the projectile charge) correspond to low excitation
energies, where the system decays mainly via compound
nucleus channels, while at Zbound/Z0 ≈ 0.5 − 0.6 the ex-
citation energy is high and multifragmentation dominates.
The surface free energy in the SMM is parametrized as
F surfA,Z = B(T )A
2/3, where B(T ) = B0[(T 2c − T 2)/(T 2c +
T 2)]5/4. Here B0 ≈18 MeV is the surface coefficient for
isolated cold nuclei, and Tc ≈18 MeV is the critical tem-
perature for the nuclear liquid-gas phase transition in infi-
nite matter. Finally we have found that the surface energy
coefficient B0 can be extracted from the experimental data,
and its evolution with isospin at different excitation ener-
gies can be investigated by comparing sources with differ-
ent isotope content [5].
In Figure 1 we show the behavior of the surface coeffi-
cient B0 versus the neutron to proton (N/Z) ratio during
the fragmentation. Around the onset of multifragmentation
(low excitation energies), there is a decrease of B0 with
N/Z that resembles the trends obtained for cold isolated
nuclei. However, B0 becomes nearly independent of the
neutron richness when multifragmentation dominates. In
this case nuclear fragments are primarily produced in a hot
medium which represents a liquid-gas coexistence region.
Modification of their properties can be explained by ’in-
medium’ interaction.
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Figure 1: The extracted B0 for sources with different N/Z
ratios at the onset (Zbound/Z0=0.85 bin), and at the re-
gion of full multifragmentation (Zbound/Z0=0.65 and 0.55
bins). The width of the shaded band represents limits given
by our method for the lowest bin. The B0 obtained from
Cameron (C) and Myers-Swiatecki (MS) mass formulae
for cold nuclei are shown by solid lines for illustration.
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Measurement of Charged Kaon Flow in Ni + Ni Collisions at 1.93A GeV∗
Y. J. Kim†1, A. Andronic1, N. Herrmann2, K. D. Hildenbrand1, B. Hong3, P. Koczon1, Y. Leifels1, X.
Lopez1, M. Kisˇ1, W. Reisdorf1, A. Schu¨ttauf1, X. Zhang1, and the FOPI Collaboration
1GSI, Darmstadt, Germany; 2Universita¨t Heidelberg, Heidelberg, Germany; 3Korea University, Seoul, Korea
Sub- or near- threshold charged kaon production is a sen-
sitive tool to study nuclear matter properties in heavy-ion
collisions [1]. Many theoretical models showed that study-
ing the production and propagation of charged kaons in
heavy-ion collisions at the SIS energy regime allows to ad-
dress the question of the modification of hadron properties
in dense baryonic nuclear matter (for the most recent re-
view, see Ref. [2]). Recent calculations have emphasized
that the directed and the elliptic flows of both K+ and K−
as a function of rapidity are sensitive to the depth and the
details of the K± in-medium potentials [3].
The FOPI collaboration performed a high statistics ex-
periment by using Ni + Ni collisions at 1.93A GeV. In this
experiment, 151200 K+ and 7700 K− were measured in
69 M central events, corresponding to a reaction cross sec-
tion of 560 mb. In order to identify charged kaons, the
momentum measured with the CDC is correlated with the
velocity measured with the time-of-flight plastic BARREL,
which allows us to separate pions, kaons, and protons up to
the laboratory momentum of 0.5 GeV/c (for more details,
see Refs. [4]).
The experimental results for directed and elliptic flows
are summarized in Fig. 1. The upper plot presents the di-
rected flow (v1) and the lower plot shows the elliptic flow
(v2) of K± in the BARREL acceptance as a function of
the normalized rapidity y(0), which is the particle rapidity
divided by the projectile rapidity in the center-of-mass sys-
tem. For the comparison, the figure also includes the v1 pa-
rameter of protons in the CDC acceptance, which exhibits
a monotonic increase towards mid-rapidity, characterizing
the in-plane collective flow. We found that the K+’s show
a slight anti-flow, whereas the K−’s show flow. Similar
trends are predicted by the transport calculations for the ex-
istence of a repulsive K+N and an attractive K−N mean
fields [3]. In the lower plot of Fig. 1, the results of K±
elliptic flow (v2) as a function of y(0) are shown together
with the results from the KaoS collaboration [5]. The ex-
perimental data from FOPI and KaoS show clearly opposite
elliptic flow of K+ and K−: v2 < 0, out-of-plane emis-
sion, for positive kaons and v2 > 0, in-plane emission, for
negative kaons.
The systematic errors of the directed and elliptic flows
for K± were evaluated for the following three dominant
sources: the flattening of the reaction plane for detector
biases, the influence of various cut conditions (e.g., the
matching conditions between CDC and BARREL and the
∗Work supported by KOSEF contract No. F01-2006-000-10035-0 and
BMBF contract No. 06HD953
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Figure 1: The experimental results of the charged kaon flow
as a function of the normalized rapidity. The results contain
particles in the transverse momentum divided by particle
mass pt/m ≥ 0.5. In the upper plot of the figure is plot-
ted directed flow of protons (crosses), K+ (closed circles),
and K− (open circles). The error bars associated with
symbols indicate the statistical uncertainties. The system-
atic errors are indicated by the shaded bands. In the lower
plot is shown the elliptic flow of K+ (closed circles) and
K− (open circles) together with the KaoS results (closed
squares for K+ and open squares for K−) [5]. KaoS re-
sults are measured in the different centrality range (3.8 fm
< b < 6.5 fm) and detector acceptance (-0.4 < y(0) <0 .4,
0.2 GeV/c < pt < 0.8 GeV/c). The error bars associated
with symbols indicate the statistical uncertainties only.
variation of the particle identification window, etc.), and
the effect of the pion contribution to the kaon flow. The
estimated systematic errors for the directed and elliptic
flows of K± are similar or smaller than the statistical er-
rors shown in Fig. 1.
In summary, we presented the first results of the directed
flow for K− at SIS energies and the elliptic flows of K±
in different rapidity regions. In comparison to filtered the-
oretical calculations, the experimental results on both K+
and K− flow indicate the existence of in-medium effects.
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Measurement of Σ(1385) in Al+Al collisions at 1.9A GeV
X. Lopez1, N. Herrmann2, P. Crochet3, and the FOPI Collaboration
1GSI, Darmstadt, Germany; 2Physikalisches Institut, Heidelberg, Germany; 3LPC Clermont-Ferrand, France
The FOPI Collaboration performed a high statistic ex-
periment to study the strangeness production in Al+Al col-
lisions at 1.9A GeV. The high statistics data (300 million
of events) allow the reconstruction of the Σ(1385) hyperon
resonance at SIS energies for the first time. This mea-
surement corresponds to sub-threshold production since the
threshold beam energy for Σ∗ production in the elemen-
tary reaction is Ethr. = 2.33 GeV. Recent theoretical
calculations predict an important coupling of the K− with
Σ(1385) (called Σ∗ in the following), Λ(1405) and Λ(1520)
resonances in the medium [1, 2]. Therefore, measurement
of the sub-threshold Σ∗ production cross-section may carry
important information regarding the complex reactions in-
volved in the sub-threshold K− production.
The Σ∗ is an isospin triplet state and while the Σ∗0 can-
not be reconstructed with our apparatus (decay into Λ and
π0), the charged meson decay products π± of Σ∗± are
identified with the FOPI detector. The Σ∗ are reconstructed
from a topological analysis of their double two body decay:
Σ∗± → Λ + π± (BR = 88%, cτ = 5 fm)
→ p + π− (BR = 64%, cτ = 7.89 cm).
The invariant mass spectra of Σ∗− and Σ∗+ resonances are
shown in the upper and lower part of Fig. 1, respectively.
The combinatorial background is determined with the event
mixing method relying on the correlation of a Λ from one
event with pions from an other event. In addition, the two
events are aligned to the reaction plane in order to have the
same reference system for both particles. In the invariant
mass range between 1.35 and 2 GeV/c2, 16 excited states
of Σ s have been already measured [3]. Therefore, the nor-
malization of the mixed background was applied in the in-
variant mass range [1.25 ; 1.32] GeV/c2 (grey area in upper
panels of Fig. 1) in order to avoid biases in the normaliza-
tion of the combinatorial background due to the so-called
bumps. After background subtraction (Fig. 1, lower pan-
els), the remaining peak in the mass spectra is fitted with
a Breit-Wigner function and about 1350 Σ∗± are found for
the applied set of analysis cuts. The mean mass and width
values are in good agreement with the Particle Data Group
[4] within the statistical error. At higher invariant masses
some excited states are visible as it was reported by the
STAR Collaboration [5] which is the only other available
measurement of Σ∗ production in heavy ion collisions.
The measurement of the Σ∗ is used as a test case to
perform the analysis of other wide baryonic resonances as
for example the K(892). Sub-threshold measurement of
Σ∗ resonances will constrain model predictions concerning
sub-threshold strangeness production.
This work was partly supported by the German BMBF
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Figure 1: Invariant mass spectra of Λπ− (π+) pairs on
upper and lower parts, respectively, measured from Al+Al
collisions (σgeo≤315 mb). The solid histogram and crosses
denote the data and the scaled mixed-events background,
respectively (upper panels). The lower panels show signals
after background subtraction. The following characteris-
tics of the signals are shown: number of counts in the sig-
nal (S), signal-to-background ratio (S/B) and significance
(SIGNIF). The fitted parameters of the Breit-Wigner func-
tion (mean mass value and width) are also mentioned.
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Status of the HADES physics program and the upgrade project
The HADES collaboration
Summary
In 2006 the analysis of the 12C+12C data taken at a beam
energy of 2 AGeV was finalized and the results for elec-
tron pair production published. The data exhibit an extra
yield above the contribution expected from hadron decays
after freeze-out for invariant masses above Me+e−> 150
MeV/c2. A comparison to the DLS data, which was mea-
sured in the system 12C+12C at 1.04 AGeV, reveals that the
yield observed beyond the contribution from the η Dalitz
decay increases with the beam energy like pion production.
Further information on the origin of this excess is expected
from the final results of the HADES run on 12C+12C at
1 AGeV and from studies of dielectron production in ele-
mentary reactions at low beam energies (1.25 GeV). The
latter were started with a p+p run in May 2006 and will be
continued in April 2007 with a d+p experiment, which will
provide sensitivity to iso-spin effects in resonance produc-
tion. This experiment will be followed by a high-resolution
ω → e+e− measurement in p + p reactions at 3.5 GeV
providing a reference for later studies of the ω line shape
in p + A reactions. The HADES upgrade program is well
progressing. It will put the spectrometer in the condition to
cope with the highest particle multiplicities and will further
increase its rate capability.
Electron pair production in 12C+12C
collisions at 2 AGeV
The excess yield observed by the DLS collaboration in
light collision systems at around 1 AGeV [1] is a long
standing puzzle to the extent, that by now it could not
be satisfactorily explained by any theoretical calculation
[2][3]. In contrast to the situation at SPS energies, a broad-
ening of the ρ spectral function due to the surrounding
medium as observed in the In + In system by the NA60
collaboration [4] and in Pb + Au collisions by the CERES
collaboration [5], cannot explain the measured yield.
For our data we define the excess yield in the same way
like it is derived by the other collaborations. We compare
the measured yield, to which we apply a correction for the
detector and reconstruction efficiency but none for the finite
acceptance of the spectrometer [6], to a calculated yield as-
suming free decay of π and η mesons. In this approach
we consider the dielectron decay of ρ mesons, the Dalitz
decay of baryonic resonances and N-N bremsstrahlung as
contributions from the early phase of the reaction. The
longer-lived vector meson ω (φ production is not consid-
ered) plays an intermediate role and is counted as a con-
ventional source although its production cross section at
this low energy is barely known. The result is shown in
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Figure 1: Dielectron yield (corrected for reconstruction ef-
ficiencies) in the acceptance of the HADES [7]. In the up-
per panel (a), the measured yield is compared to a cocktail
assuming decay of particles in the vacuum. The cocktail is
divided into contributions expected from particles with τ >
τfireball (full lines, cocktail A) and particles/resonances
with τ ≤ τfireball. The sum of both defines cocktail B.
In the lower panel (b) the experimental yield is divided by
cocktail A to show the relative enhancement above the con-
ventional sources. The various lines display in addition the
prediction of microscopic transport models (see text).
fig. 1 (a). The contribution to the cocktail from the con-
ventional sources (full lines, cocktail A) is based on exper-
imental data and mt scaling in case of the ω. The con-
tribution from non-conventional sources is calculated as-
suming mt scaling and taking into account a phase space
driven population of the broad resonances, as can be in-
ferred from the skewed mass distribution of electron pairs
from ρ decay. The lower panel (fig. 1 (b)) shows the relative
enhancement above the conventional sources (i.e. cocktail
A). Since the measured yield shows a nearly exponential
fall-off above an invariant mass of 150 MeV/c2 (π-Dalitz
NQMA-EXPERIMENTS-07
157
Figure 2: Excitation function of the multiplicity of excess
pairs (triangles) in the mass range 150 < Me+e− /MeV/c2<
550 in 12C+12C collisions compared to light hadron pro-
duction. The data points are from TAPS (π0-full squares, η-
full circles), DLS (dielectrons at 1.05 AGeV ) and HADES
(2.0 and 1.0 AGeV ). The line labelled η → γe+e− rep-
resents the expected yield of Dalitz pairs in the indicated
invariant mass range assuming the multiplicity measured
by the TAPS collaboration.
region), the relative yield has a maximum in the invariant
mass region where the contribution from η Dalitz decay
declines (i.e. around 600 MeV/c2).
The excess yield is compared to the expectation of the
full cocktail (B) and to predictions of the three microscopic
transport models HSD [8], UrQMD [9] and RQMD [10].
While the overall trend is reproduced by the model calcula-
tions, a closer look discloses differences in the description
of the excess. They originate mainly from differences in
the treatment of the decay of baryonic resonances (mainly
Δ(1232)). In the vector meson pole region, all calcula-
tions lie above the data. A possible explanation for this
observation could be a smaller contribution from ω decay
as compared to predictions of the mt scaling.
To link this result to the observation of the DLS collab-
oration we integrate the measured yield in the mass range
from 150 to 550 MeV/c2 and extract the contribution to the
integral from η Dalitz decay. We find for the ratio of the
total integrated yield to the integrated η yield F(2.0) = 2.07
± 0.21(stat) ± 0.38(sys). The same analysis applied to the
DLS result yields F(1.04) = 6.5 ± 0.5(stat) ± 2.1(sys). It
is interesting to subtract the η yield from the total yield and
to compare the excitation function of the resulting excess
yield to the measured excitation function of light meson
production (fig. 2). Within the experimental errors, the ex-
cess scales precisely like π production. This pattern pos-
sibly points to the origin of the excess yield since pion
production at this low energies is known to be dominantly
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Figure 3: Invariant mass distribution of electron pairs emit-
ted into the acceptance of HADES in 12C+12C collisions at
1 AGeV. The data are not corrected for detector and recon-
struction efficiency. The full lines represent the expected
yield for meson decay base on π0 and η measurements of
the TAPS collaboration. The dashed line shows the η scaled
as to fit the data.
coming from the excitation and decay of baryonic reso-
nances. Due to severe phase space limitations a sound the-
oretical description of electron pair production at these en-
ergies requires a proper treatment of off-shell propagation
of resonances and vector mesons. Furthermore, the role of
the coupling of baryonic resonances to vector mesons, in
particular the ρ, has to be quantitatively understood. Please
also note that the strong increase of the excess yield from
2 to almost 6 in case of DLS occurs because it is defined
above the η production, which is strongly suppressed by
phase space at the lower beam energy.
We hope to find more evidence for such a scenario from
the results of our 12C+12C run at 1.0 AGeV. A preliminary
spectrum obtained before final calibration of the data and
with a preliminary alignment of the spectrometer shows a
similar enhancement as obtained by the DLS collaboration.
In fig. 3 we depict the preliminary spectrum obtained in the
experimental run of August 2004. The spectrum is not yet
corrected for efficiency. The cocktail was calculated in the
same way as discussed before and the detector response
was obtained by processing the generated events through
the full analysis chain.
As a matter of fact, a comparison of the DLS result with
our data is not straightforward. The DLS spectrometer has
a two-arm geometry and its trigger required an electron (or
positron) candidate in each of the two arms. The HADES
trigger is based on one electron track candidate only. More-
over, the acceptance for low-momentum tracks in DLS is
larger compared to HADES. Consequently, the phase space
coverage for low-mass electron pairs is significantly differ-
ent in the two experiments.
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Figure 4: Invariant mass distribution Me+e− for the de-
cay η → γe+e− (statistical errors only). The dashed line
shows the prediction for a pure QED (no form-factor) and
the solid line represents the full Vector Meson Dominance
(VMD) calculation [11].
The second round of data processing for the 12C+12C at
1 AGeV was started and final results are expected for the
2nd quarter of 2007.
The analysis of the p + p experiment at 2.2 GeV turned
out to be essential to understand the electron/positron
reconstruction in HADES and to cross-check the align-
ment of the spectrometer. The exclusive channels pp →
(ppη) → ppγe+e− and pp → (ppη) → ppπ+π−π0 could
be reconstructed in both a hadronic and a leptonic final state
by exploiting missing mass techniques [6]. The obtained
invariant mass distribution for the virtual photon in the lep-
tonic decay channel of the η is shown in fig. 4.
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Figure 5: Kaon signals in the mass distribution of recon-
structed tracks. It is derived after applying a condition on
the correlation of momentum and energy loss in the drift
chambers.
In August 2005 data with high statistics were taken for
the collision system Ar + KCl at 1.75 AGeV. Emphasis
in the analysis of this run is also put on the reconstruc-
tion of hadrons containing strangeness. To improve the re-
construction, for the first time also energy loss information
obtained from the multi-wire drift chambers (MDCs) is in-
cluded in the particle identification process. The front-end
electronics of the MDCs do not provide an analogue signal
proportional to the charge deposit in the drift cells. We ob-
tain this information from the logical timing signal, which
provides the time-over-threshold. It was shown that if the
arrival time distribution of the primary electrons at the sig-
nal wire is unfolded, a quantity nearly proportional to the
energy loss, can be obtained [12]. In a new approach, this
variable is further linearized by a minimization procedure.
By this procedure both K+ and K− mesons can be re-
constructed. A very preliminary result depicted in fig. 5
shows a mass distribution obtained after applying a condi-
tion on the the energy loss - momentum correlation. Contri-
butions from K+ (2000 counts) and K− mesons (170) are
clearly visible based on a subset of 180 out of 2700 files to-
taly available (i.e. 7% of the total statistics). The processing
of all statistics (7 Tbyte) has been started in January 2007.
pp and dp runs
A systematic investigation of electron pair production in
elementary reactions of protons and neutrons on a proton
target has been started with a run in April 2006 measuring
p+p at 1.25 GeV kinetic energy, i.e. just below the produc-
tion threshold for η mesons. In this kinematic situation one
does not expect contributions to the invariant mass spec-
trum of dielectrons from conventional sources above the
π0 Dalitz region. The most abundant source here is then
Δ Dalitz decay. However, it was conjectured that higher
lying baryonic resonances can also contribute to the mass
region below the vector meson pole mass due to off-shell
propagation of intermediate vector mesons [13]. Further-
more, contributions of N-N bremsstrahlung (in particular
the validity of a dominance of the dipol radiation) can be
investigated by comparison of dielectron yields in pp and
pn reactions (see below).
A beam of up to 2 107 protons per second was incident
on a 5 cm liquid hydrogen target. During data taking the
DAQ was running with up to 17 kHz event rate (∼ 50%
dead time) and in total ≈ 7.7108 events were taken during
a period of 9 days. This program will be continued with
a 5 week long beam time in April/May 2007. Neutron in-
duced reactions will be measured using a deuterium beam
at 1.25 AGeV. The main interests here are the investiga-
tion of the iso-spin effects in baryonic resonance excita-
tion (mainly Δ) and of the off-shell production of vector
mesons [14]. pp and pn reactions can be separated mea-
suring the spectator proton in a Forward Hodoscope Wall
(FHW) covering the polar angle region between 1◦ and 5◦.
Moreover, in the second part a 3.5 GeV proton beam
will be used to study omega production and in particular its
vacuum line shape. The spectrum will serve as a reference
for further in-medium studies of the line shape in p + A
reactions. It will also be possible to address the ω transi-
tion form factor were until now the validity of the VMD is
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Status of the detector upgrade
The HADES collaboration plans a major upgrade of the
spectrometer during the SIS shut-down in the second half
of 2008. The upgrade includes the replacement of some
detector systems and the installation of a new data acquisi-
tion system. The most important action is the replacement
of the inner time-of-flight system (TOFINO) which, for the
reason of an limited budget at the time of construction, has
too low granularity not matched to the rest of the spectrom-
eter. We foresee a RPC detector system at the position of
the TOFINO detector which will comprise 1200 individ-
ual shielded detector elements housed in six gas boxes (see
fig. 6). In measurements with prototypes a time resolu-
tion of ∼ 70 ps was obtained for rates up to 1 kHz/cm2
and with a common correction for pulse height effects on
the timing. The read-out chain consists out of a discrete
preamplifier circuit and discriminator stage providing a t0
measurement and a Δt (time over threshold) information
proportional to the integrated charge in the signal. The
time information is digitized with a new trigger and read-
out board1 (TRB), which is independent of VME and fea-
tures 4 HPTDC time converter chips, programmable logic
and an Etrax chip computer. The board can operate as an
independent sub-event builder and can send data directly to
the HADES event builder. The infrastructure for mass pro-
duction of the RPC detector cells in Coimbra was installed
in summer 2007 and the first two complete modules, hous-
ing 400 detector cells, should be ready by summer 2007.
Figure 6: Technical drawing of the RPC gas box and the
included single cell RPC modules. The RPC cells will be
arranged in two layers to realize a dead-zone free geometry.
The HADES spectrometer will be complemented by the
FHW to provide particle detection in the forward polar an-
gle region. This systems was recycled from the forward
wall operational at the KaoS spectrometer. All 288 scin-
tillators have been equipped with new multipliers and the
elements will be housed in a new support structure.
Over the last years a steady increase of voltage insta-
bilities in the first layer of the MDCs was observed. An
1see separate contribution to this annual report
inspection of one of the modules gave evidence for aging
effects, like a loss in mechanical tension of the aluminium
field wires as well as deposits on the wires. To be prepared
for future runs we decided to rebuild all modules of the first
layer using copper beryllium wires instead of aluminium
wires. The new modules will be produced in the detector
laboratory of the Forschungszentrum Dresden-Rossendorf.
Inspired by the very successful operation of the RPC pro-
totype read-out board (TRB), a new concept for the future
HADES DAQ system was developed, going beyond the re-
placement of critical hardware components as originally
planned. The aim is to replace all VME based sub-event
builders by read-out boards based on a generic TRB board
currently being tested. This technology will also allow to
implement a new LVL2 trigger distribution with a star-like
architecture and optical links with much improved flexibil-
ity and monitoring capability. It will then also be possible
to include drift chamber information in the trigger decision.
To improve the beam focus at the HADES target position
for secondary π beams, third quadrupole will complement
the doublet just in front of the spectrometer. This magnet
and the respective power supply were part of the CELSIUS
inventory and are currently adopted to the GSI magnet and
beam line control system. A test run with this new installa-
tion is foreseen for autumn 2007.
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Two- and three-particle azimuthal correlations of high-pt charged hadrons in
Pb-Au collisions at 158A GeV beam energy∗
S. Kniege, H. Appelsha¨user, and M. Ploskon for the CERES collaboration
University Frankfurt a.M., Germany
Azimuthal correlations of hadrons with high transverse mo-
menta serve as a measure to study the energy loss and the frag-
mentation pattern of jets emerging from hard parton-parton inter-
actions. Results from the CERES experiment on two- and three-
particle correlations in Pb-Au collisions will be presented for dif-
ferent centralities of the collisions. A study of the correlations for
different charge combinations of trigger and associated particles
reveals charge ordering in the fragmentation process and sensitiv-
ity of the correlation function to the type of the leading hadron.
Furthermore, a strongly non-Gaussian shape on the away-side of
the two-particle correlation function is observed in central colli-
sions, indicating significant interactions of the partons with the
medium. Mechanisms like elastic scattering of the initial partons
or the evolution of a mach cone [1] in the medium can lead to
similar modifications of the jet structure on the away-side. An
analysis based on three-particle correlations is presented which
helps to shed light on the origin of the observed away-side pat-
tern.
The study of jet properties in Heavy Ion Collisions can be per-
formed by measuring the excess of particle pairs with high trans-
verse momenta over the uncorrelated background by a correlation
function C2(Δφ) = S(Δφ)/B(Δφ) with Δφ = φt − φa. One
partice, denoted as the trigger particle (φt), is chosen to be a high
transverse momentum particle (2.5<pt<4.0 GeV/c (region A))
assumed to be close to a parton emerging from a hard collision.
The (jet-) associated particles (φa) are investigated by measuring
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Figure 1: Two-particle correlation function a) and conditional yield b)
for different centralities and charge combinations (black line: flow contri-
bution with estimated error) (color online).
the differences in the azimuthal angles Δφ of all particles from
a lower momentum region (1.0<pt<2.5 GeV/c (region B)) re-
sulting in the signal distribution S(Δφ). As a reference account-
ing for acceptance effects a background distribution B(Δφ) is
constructed taking trigger and associated particles from different
events. Besides the jet-like correlations, C2(Δφ), there are cor-
relations arising from the initial anisotropies of the collision zone
∗This work was supported by BMBF and GSI-F&E.
resulting in an elliptic flow of the particles (black lines in Fig.
1(a)). In a two source approach the flow contribution is subtracted
from the correlation function. After normalisation we obtain the
conditional yield 1/N trig · dN AB/d(Δφ) reflecting the jet as-
sociated particles per trigger [2]. As can be seen in Fig. 1(b), the
structure on the away-side deviates significantly from a Gaussian
shape indicating medium effects on the emerging partons. In ad-
dition, a difference of the yields for different charge combinations
of trigger and associated particles is observed. To further inves-
tigate the jet structure on the away-side correlations among the
associated particles were studied.
Different scenarios like an event-by-event deflection of jets or the
emission of particles in a cone could lead to similar structure on
the away-side of the two-particle correlation function C2(Δφ). In
order to disentangle those scenarios correlations among the asso-
ciated particles can be measured by determining the relative an-
gle Δφ1,2 of two associated particles in one event relative to a
(third) trigger particle and constructing the corresponding correla-
tion function C3(Δφ1,Δφ2) as described above. The deflection
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Figure 2: Three-particle correlation function (a) and jet yield (b) af-
ter subtraction of the contributions from two-particle correlations (color
online).
of jets would result in pairs of associated particles being close by
to each other thus populating dominantly the diagonal of the cor-
relation function whereas a cone-like emission would give rise to
off-diagonal structures. As for the two-particle correlation func-
tion non-jet correlations have to be subtracted from the measured
correlation function. In Fig. 2 the correlation function (a) as well
as the yield after subtraction of two-particle correlation contribu-
tions (b) are shown. In Fig. 2(b) clear off-diagonal components
are visible. This gives strong indication that already at SPS en-
ergy medium effects on high-pt particles are observed. Further
investigations are needed to substantiate these findings.
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Two-particle correlations in Pb+Au collisions at the top SPS energy
D. Anton´czyk1 and D. Mis´kowiec1
for the CERES collaboration
1GSI, Darmstadt, Germany
Two-particle correlations are an excellent tool to ex-
amine the space-time evolution of the emitting source in
heavy ion collisions [1]. In particular, the collective ex-
pansion of the source created in a collision with a finite
impact parameter should lead to geometric asymmetries in
the freeze-out hypersurface. To detect them, the correla-
tion functions should be studied as a function of the pair
emission angle relative to the reaction plane. In addition
to the Hanbury-Brown-Twiss (HBT) two-particle correla-
tions, the non-identical ones provide access to the informa-
tion about average freeze-out positions or times of the two
particle species [2].
The CERES spectrometer at the CERN SPS was ded-
icated to the study of the dilepton production in the col-
lisions between heavy nuclei. After upgrade in the 1998
by a radial Time Projection Chamber (TPC) the CERES
spectrometer opened the possibility of measuring charged
hadrons. More information about the experimental setup
as well as the data-set used here can be found in [3]. The
high event statistics, collected in the final run of the CERES
experiment in the fall of 2000 at the top SPS energy of
158 GeV per nucleon, and the good understanding of the
experiment’s resolution and of the Coulomb correction al-
lowed to employ two sophisticated correlation techniques,
the reaction plane dependent pion-pion HBT radius analy-
sis and the pion-proton Coulomb correlation analysis [5].
The analysis of identical pions, performed in the longitu-
dinal co-moving frame (LCMS), yielded HBT radii which,
in their centrality and transverse momentum dependence,
are in good agreement with the previous preliminary anal-
ysis of a subset of the data [4] and with the results of other
experiments. The results support the collision picture with
strong longitudinal and transverse expansion. To detect the
azimuthal anisotropy of the pion source created in a col-
lision with a finite impact parameter, the two-pion correla-
tion were calculated in eight bins of the emission angle with
respect to the reaction plane Φ∗ = Φpair−ΨRP . The HBT
radii plotted versus Φ∗ were then fitted with R2i = R
2
i,0 +
2R2i,2 cos (2Φ
∗) where i denotes (out, side, long). The
normalized second Fourier components obtained are shown
in Fig. 1. The pion-proton correlation analysis, performed
on the data-set collected by CERES spectrometer, allowed
to measure a difference between the average freeze-out po-
sition or time of the two particle species in five bins of the
pair transverse momentum. The description of the method
used for this analysis was presented in [6]. The final re-
sults of this analysis, expressed in the spatial displace-
ment between the proton and pion sources, are shown in
Fig. 2. The displacement is similar to the spatial displace-
ment seen in UrQMD (green line) and is well described
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Figure 1: Fourier coefficients of azimuthal oscillations of
HBT radii as a function of the event centrality. The full
(open) symbols correspond to the 2th-order Fourier coeffi-
cient uncorrected (corrected) for the influence of the finite
reaction plane resolution.
by the parameterization Δx = RG β⊥ β0
β20+T/M⊥
[7], with the pair
transverse velocity β⊥ and transverse mass m⊥. The ge-
ometrical radius RG ∼ 7.5 fm and the transverse flow ve-
locity β0 ∼ 0.65−0.70 were adjusted such as to match the
transverse momentum dependence of Rside. This indicates
that the finite displacement between the sources of pions
and protons, to first order, has a similar origin as the P⊥
dependence of the Rside, namely the transverse flow. The
sign of the displacement indicates that the proton source
is located at a larger radius than the pion source, or that
protons are emitted earlier than pions.
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Figure 2: The source displacement as a function of the pair
transverse momentum.
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Charged kaon analysis within the CERES experiment
M. Kalisky for the CERES Collaboration1
1GSI, Darmstadt, Germany
Strangeness production in heavy ion collisions has raised
and continues to raise interest both in experimental and the-
orist communities [3], [4]. In this report the status of the
analysis of charged kaons registered via three charged pi-
ons decay is presented. After the upgrade of the CERES
(NA45) [1] experimental setup in 1998 with a radial Time
Projection Chamber (TPC) [2], the accessible physics re-
gion was extended to hadrons. In this analysis only the
TPC information is being used. The data sample contains
30 million events of 7% most central Pb-Au collisions at a
beam energy of 158 AGeV.
The analysis is based on the decay properties of charged
kaons. K+ decay into π+ π+ π− with a branching ratio of
5.59%. Long lifetime (cτ = 3.713 m) allows for a strong
background suppression via secondary vertex reconstruc-
tion. Small difference of the mass of the kaon in compari-
son to the sum of masses of 3 pions compresses the acces-
sible kinematic phase space such that the pions after decay
form a rather narrow cone; this opens up another possibility
for the background suppression.
Because of a very high combinatorial background (due
to three particle combinations) which results a very low sig-
nal to background ratio of ∼ 10−7 if no cuts are applied,
it was inevitable to study the possible cuts with a Monte
Carlo (MC) simulation prior to data analysis. These cuts
include single track cuts (distance of the tracks from the
event vertex in the transverse plane), pair cuts ( difference
in polar angle between the two tracks), and also 3 parti-
cle cuts (position of the reconstructed secondary vertex,
quality of the secondary vertex and distance of the recon-
structed kaon track to event vertex in the transverse plane).
Efficiency determination is another important task of the
MC. For this K+ or K− decays are embedded into exper-
imental data and further analyzed (overlay MC). With this
procedure the efficiency corrections can be obtained so it
is possible to estimate the pt spectra and absolute yield of
kaons in the data.
The invariant mass distributions of K+ and K− for 3.8
millions 5% most central events are shown in Fig. 1. Mea-
sured peak position of 496.3 +/- 0.3 MeV/c2 (for both K+
and K−) deviates from the PDG value by 2.5 MeV/c2.
The deviation can be reproduced by MC. The Signal-to-
Background for the whole phase space is about 4 for K+
and about 2 for K−. The statistics of about 80k K+ and
40k K− expected for the full data set allows for differential
studies. From the fits without additional efficiency correc-
tion a K−/K+ ratio can be obtained and is equal to value of
0.52 +/- 0.02 which is consistent with the existing data and
the theoretical predictions [5].
In Fig. 2 the pt versus rapidity distributions of the OMC
and experimental data are shown. The mid-rapidity is at
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Figure 1: K+ (left) and K- (right) signal integrated over
accessible pt and rapidity.
2.913. The shape of the distributions is given both by the
kinematics of the kaon decay and by the acceptance of the
TPC which is ∼ 0.14 - 0.26 rad in the azimuthal angle.
The next steps of the analysis include the efficiency and
acceptance correction with realistic assumption of pt spec-
tra and rapidity distribution of the kaons. Final results will
be an independent verification of the results presented in
[6] for the top SPS energy.
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Figure 2: Simulated K+ (left) and measured K+ (right)
phase space distributions.
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Energy Dependence of Multiplicity Fluctuations in Central Pb+Pb Collisions
B. Lungwitz1, C. Alt1, C. Blume1, P. Dinkelaker1, D. Flierl1, V. Friese2, M. Gaz´dzicki1, M. Hauer1,
C. Ho¨hne2, S. Kniege1, D. Kresan2, M. Mitrovski1, R. Renfordt1, A. Sandoval2, T. Schuster1,
R. Stock1, C. Strabel1, H. Stro¨bele1,2, M. Utvic1, A. Wetzler1, and the NA49 Collaboration
1Fachbereich Physik der Universita¨t Frankfurt; 2GSI, Darmstadt, Germany
At high energy densities a new phase of matter, the
quark-gluon-plasma (QGP), is expected to be formed. The
energy dependences of various observables show anoma-
lies at low SPS energies which might be related to the on-
set of deconfinement [1]. Both the onset of deconfinement
and an approach to the critical point of strongly interacting
matter might lead to an extraordinary increase of multiplic-
ity fluctuations. In addition to the effects mentioned above
also the normal statistical fluctuations are interesting to
study, since the size of the multiplicity fluctuations depends
on the nature of the particle ensemble (micro-canonical,
canonical, grand-canonical) [5]. This motivates a detailed
study of the energy [2, 3] and centrality [4] dependence of
multiplicity fluctuations measured by the scaled variance
ω = V ar(n)/ < n >.
For the study of the energy dependence of multiplic-
ity fluctuations, very central Pb + Pb collisions were se-
lected, for which the fluctuations in the number of partic-
ipants can be neglected. The multiplicity distribution of
negatively charged hadrons at top SPS energy in the most
central Pb+Pb collisions at 158A GeV is shown in figure 1
in comparison with a Poisson distribution, which is close
to the prediction of the grand canonical model. The mea-
sured distributions are significantly narrower than the Pois-
sonian ones at 20A, 30A, 40A, 80A and 158A GeV[2].
The energy dependence of scaled variance for negatively
charged hadrons is shown in figure 2, left. The detector ac-
ceptance changes with energy so that a direct quantitative
comparison of scaled variance at different energies is not
possible. A comparison to string hadronic models show
that UrQMD reproduces the data on scaled variance, al-
though the mean multiplicity is overpredicted (see figure 2,
right). The Venus model underpredicts the mean multiplic-
ity and overpredicts ω at higher energies. In [5] it is shown
that the measured fluctuations are smaller than predicted by
the canonical and grand-canonical model, but seem to be in
agreement with the micro-canonical model.
The data on energy dependence of multiplicity fluctua-
tions show no indication for a maximum, as expected for
the onset of deconfinement or the approach to the critical
point. The UrQMD model, which does not include such
effects, follow the data. The suppression of fluctuations in
comparison to the grand-canonical model can be explained
by charge and energy-momentum conservation [5].
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Figure 1: Left: multiplicity distribution of negative hadrons
in central Pb + Pb collisions at 158A GeV. The red line
indicates a Poisson distribution with the same mean multi-
plicity. Right: ratio of the measured multiplicity distribu-
tion to Poisson distribution.
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Figure 2: Left: Energy dependence of multiplicity fluctua-
tions of h− in Pb+ Pb collisions in comparison to string-
hadronic models Venus and UrQMD. Right: Multiplicity
distributions of negatively charged hadrons in the most cen-
tral (C < 1%) Pb+Pb collisions at 158A GeV; data - black
circles, Venus model - dashed red line and UrQMD - solid
green line.
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Spectra of baryons from NA49
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New results on the rapidity dependence of (anti-) pro-
ton production at 20A - 80A GeV together with previously
published results on (anti-) hyperons [1, 2] allow to con-
struct total net-baryon rapidity distributions dN(B−B¯)/dy .
The contributions of unmeasured baryons (n, Σ±, Ξ0) are
estimated using the particle ratios from a statistical model
fit [3]. The resulting spectra are shown in Fig. 1 together
with data at lower [4] and higher [5] energies. The shapes
exhibit a clear evolution from Gaussian-like shapes at low
energies to a two bump structure at high energies.
The difference between the energy carried by all (net)
baryons before and after a nuclear collision is often used
as a measure of stopping. It can be calculated from the
rapidity distributions and mean transverse masses of the net
baryons:
Einel =
√
sNN
2
− 1
N(B−B¯)
∫ yp
−yp
〈mt〉
dN(B−B¯)
dy
cosh y dy (1)
The inelasticity K = 2 Einel/(
√
sNN − 2mp), derived from
equation (1), is found to be approximatly energy indepen-
dent with a value of K ≈ 0.7 − 0.8 (not shown) which
is large compared to the inelasticity in p+p interactions
( ≈ 0.5 at high energies).
Figure 2 shows new NA49 results on Λ and Λ¯ produc-
tion in minimum bias Pb+Pb reactions, together with pre-
liminary Ξ− data for the same datasets [6]. While there is
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Figure 1: The rapidity distributions of net-baryons at SPS
energies [2] together with results from the AGS [4] and
from RHIC [5] for central Pb+Pb/Au+Au collisions.
no system size dependence of the 〈Nw〉-normalized rapid-
ity densities for Λ and Λ¯, a weak rise can be observed in
the case of the Ξ−.
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System-size dependence of strangeness production in high-energy A+A
collisions and percolation of strings
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1GSI Darmstadt; 2Philipps-Universita¨t Marburg; 3Johann Wolfgang Goethe-Universita¨t Frankfurt
The CERN-NA49 Collaboration has recently published
the yields of a series of strangeness-carrying particles
(charged kaons, Λ, φ, in addition charged pions for normal-
ization) in central C+C and Si+Si collisions at the top SPS
energy (
√
sNN = 17.3 GeV) [1]. Together with earlier
data for p+p, S+S and Pb+Pb the systematics of strangeness
production as a function of the size of the collision system
was obtained. For all individual particles, including the φ-
meson, the pion-normalized yields show a steep increase
starting at p+p followed by a saturation at about 60 par-
ticipating nucleons. A similar behavior is observed in the
centrality dependence of the 〈K+〉/〈π+〉 ratio in Au+Au
collisions at
√
sNN = 200 GeV measured by the PHENIX
collaboration at RHIC [2]. In general, a strangeness en-
hancement in large systems compared to small ones is ex-
pected from a statistical treatment of the interacting mat-
ter: the production of strange quarks or hadrons containing
such quarks is suppressed in small reaction systems due to
phase space limitations that arise as a consequence of strict
flavor conservation. So far, the reaction volume was usu-
ally assumed to be simply proportional to the total number
of nucleons participating in the collision. This, however,
lead to a strangeness saturation already at less than 10 par-
ticipants in the model, e.g. [3].
Here, we present briefly the results of a study published
recently [4] in which the relation between the reaction vol-
ume V and the number of colliding nucleons Nwound is
investigated more carefully. Starting from a microscopic
model of a nucleus-nucleus interaction the density of the
individual N+N collisions is calculated. As the longitudinal
dimension of the reaction zone in the center-of-mass sys-
tem is below 1 fm in particular at the lighter systems at top
SPS and higher energies, we do not subdivide this longitu-
dinal dimension any further but integrate over it. With this
simplification, one obtains a 2-dimensional distribution of
N+N interactions in the transverse plane. It is then assumed
that due to the statistical overlap of the associated strings
clusters of highly excited and strongly interacting matter
are formed. The technique applied is a percolation model.
In general, these clusters consist of subgroups of the par-
ticipating nucleons. Only with heavy collision partners a
single cluster comprising nearly all participants is formed.
Assuming that a cluster of overlapping strings can be con-
sidered as a coherent entity, the clusters are then assumed
to hadronize independently. The resulting particle compo-
sitions are calculated from the statistical model, i.e. the
effect of canonical strangeness suppression is used, though
at a different level. The strangeness suppression factor η
(as defined in [3]) is obtained for the individual cluster vol-
umes, and averaging over many collisions for a specific
system a volume-weighted mean is derived. η represents
the predicted relative strangeness production. Experimen-
tally, it is approximated by Es =
〈Λ〉+2(〈K+〉+〈K−〉)
〈π〉 (SPS)
or 〈K+〉/〈π+〉 (RHIC). In order to apply the chosen sta-
tistical hadronization scheme the cluster sizes in the trans-
verse plane are transformed to 3-dimensional hadronization
volumes V assuming a linear relationship.
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Figure 1: System-size dependence of strangeness enhance-
ment. Left: Es measured by NA49; Right: 〈K+〉/〈π+〉
measured by PHENIX. The solid lines represent results
from the percolation model; for other details see text.
Results from the model described above are presented in
figure 1 in comparison to the mentioned data from SPS and
RHIC. In both figures the solid lines show the calculations
for the presented data. In the left frame, the dashed line
shows the result of the statistical model with the commonly
assumed linear relationship between V and the number of
participating nucleons Nwound. In the right frame, the short
dashed line shows the expected Es for centrality dependent
Pb+Pb collisions at
√
sNN = 17.3 GeV which will be mea-
sured by NA49. The long dashed line shows a prediction
for Cu+Cu at
√
sNN = 200 GeV.
The fact that for small collision systems several
hadronizing volumes are formed instead of one large clus-
ter leads to a softening of the system size dependence of
relative strangeness production, and the theoretical results
come into agreement with the experimental data.
We thank our NA49 colleagues, in particular V. Friese,
M. Gazdzicki and P. Seyboth, for valuable discussions.
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Online monitoring for the ALICE-TPC commissioning∗
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Introduction
ALICE [1] is A Large Ion Collider Experiment which will start
operation in 2007 in the course of the CERN LHC program. The
main tracking device of the experiment is a cylindrical Time Pro-
jection Chamber [2] (TPC). A ROOT based software module was
developed to monitor online the data stream from the TPC during
the commissioning phase at CERN in 2006. The main features of
the program as well as results from tests during the commission-
ing phase will be presented.
The ALICE-TPC
The ALICE-TPC is designed to detect up to 20000 charged
tracks emerging from Pb+Pb collisions at a center of mass energy
of
√
sNN = 5.5 TeV. Given the length of 510 cm and an outer ra-
dius of 250 cm it comprises a total sensitive drift volume of 88 m3
filled with a gas mixture of NeCO2N2 (85/10/5). The drift field
of 400 V/cm is provided by a central high voltage electrode and
terminated by multi-wire proportional pad chambers mounted on
the endcaps on both sides of the TPC. The readout is segmented
into 36 sectors with a total of 557568 pads where 128 pads are
read out by one Frond End Card (FEC). Baseline correction, tail
cancellation and zero suppression can be performed online by the
ALTRO chip [3] of the FEC.
Commissioning and Monitoring
After the installation of the FECs a commissioning phase
started where two sectors were tested at a time in different op-
erational modes. Cosmic tracks were recorded as well as tracks
injected to the drift volume by a Laser system to check the align-
ment of the detector components. In addition, signals could be
induced directly to the cathode plane of the chambers by a cali-
bration pulser.
The primary goal of the online monitoring during the commis-
sioning was to check the functionality of the TPC readout chain,
the mapping of the readout components and the proper decoding
of the data. After decoding the data a fast baseline subtraction
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Figure 1: Maximum ADC values for one Read Out Chamber (ROC) (a)
and time profile for one selected pad (b)
algorithm based on a truncated mean method was applied to re-
move the pedestals for each channel. The maximum ADC value
was displayed in a histogram (Fig.1a) with a link to an executable
∗This work was supported by BMBF and GSI-F&E.
showing the time profile (Fig.1b) for each pad. Moving the mouse
along a track one could thus easily follow the profile of a track in
time and space. Fits could be performed to all channels in or-
der to display the arrival time of the signals. Hence an immedi-
ate coarse picture of the alignment of detector components and
gain differences of single channels could be obtained. In addi-
tion, the width of the baseline σ was calculated for each channel
and displayed according to Fig.1a. Knowing the FEC positions
in the detector from the installation and the mapping of the read-
out chips and connectors on the FECs it was possible to isolate
signals on a given selection of components. It was thus possible
to identify single malfunctioning channels and replace the corre-
sponding FEC.
The performance of the TPC is mainly determined by the noise
level induced on the channels. With a design signal-to-noise ratio
of 30:1 and a dynamic range of the Analog to Digital Converter
(ADC) in the ALTRO of 2 V the noise level σ should not ex-
ceed 1 ADC count. However at the beginning of the commission-
ing phase a significant fraction of pads exeeded this design value
(Fig.2a). It could be shown that the high noise level was mainly
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Figure 2: Width of the baseline σ in one ROC before (a) and after (b)
the change of the ground cables and the readout scheme.
due to the digital current arising from the synchronous readout of
the channels and the insufficient cross section of the ground ca-
bles. The Front End Electronics allowed to apply a time offset in
the readout to groups of channels in order to reduce the instan-
taneous digital currents. In addition, increasing the diameter of
the ground cables reduced the noise level on the channels signifi-
cantly so that the design requirements were fulfilled (Fig.2b).
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Results from the ALICE-TPC laser calibration system
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A cylindrical Time Projection Chamber [1], is the main
tracking device of the dedicated heavy ion LHC experiment
ALICE at CERN.
Each end of the cylinder holds a readout plane which is
subdivided into 18 segments in azimuth and two parts in
radius (s. fig. 1). Both readout planes thus consist of 18
inner- and 18 outer multiwire proportional readout cham-
bers (IROC and OROC, respectively) with cathode pad
readout. A Central (high voltage) Electrode (CE) divides
the TPC into two readout sides (A- and C-Side).
On either readout side a system of micro-mirror bundles
distributes a laser beam in four planes along the beam di-
rection. The resulting 168 laser rays can be used to mea-
sure, the residual misalignment between adjacent readout
chambers. A projection on the transverse-plane of the star-
like pattern of laser rays is shown in fig. 1.
Figure 1: Endplate with positions of the laser rays
In addition to the signals from the laser tracks nearly
each of the ≈ 550.000 readout pads receives a signal from
the CE. It arises from photoelectrons from scattered laser
light. This information will also be used for the alignment.
With the laser system it is also possible to determine the
electron drift velocity in the detector gas (Ne-CO2-N2) [2]
which is very sensitive to changes in temperature, pressure
and gas composition. The drift velocity is needed to calcu-
late the absolute position in beam direction from the drift
time and can also be used to monitor the gas quality.
To determine the drift velocity the difference in arrival
times Δtarr of electrons from the CE and the laser beam
plane closest to the readout plane was determined. Only the
outermost 20 cm of the laser rays from one micro-mirror
bundle were used. The positions of the laser rays with re-
spect to the CE Δl are known from the technical drawings.
The drift velocity is calculated as vdrift = Δl/Δtarr.
Fig. 2 shows the results of the drift velocity measure-
ments as a function of the date during the commissioning
phase of the TPC [3]. The results are compared with mea-
surements from the drift velocity monitor goofie [4]. Both
measurements agree within less than 1 %.
As an example for alignment measurements fig. 3 shows
the radial dependence of the drift distance, shifted by the
measured mean drift distance, between the ROCs and the
CE for two opposing sectors. To determine the drift dis-
tance from the measured drift time, the derived drift veloc-
ity as described above was used. The steps at r = 133 cm
correspond to the transition from IROC to OROC and have
the main reasons: a different response time of the electron-
ics due to different pad capacities of IROC and OROC, me-
chanical alignment and field distortions. The origin of the
slope, which is seen in all sectors and is negative on the
opposite readout side, is still under investigation. Edge ef-
fects from field distortions are visible at the inner and outer
radii of the TPC.
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Hadronic sources of the event-by-event fluctuations of the K/π ratio
D. Kresan1 and V. Friese1
1GSI, Darmstadt, Germany
Large event-by-event fluctuations are expected to be an
experimental signature of the QCD critical point. As one
candidate for such fluctuations, the ratio of the yields of
strange to nonstrange mesons, in particular the kaon to pion
ratio, has been proposed [1]. This observable has been
measured by the NA49 collaboration at CERN-SPS in cen-
tral Pb+Pb collisions from 20 to 158 AGeV [2]. The K/π
fluctuations were obtained to be positive and increasing to-
wards smaller beam energies. The p/π fluctuations, in con-
trast, are negative throughout all energies. This has been
attributed to the influence of resonance (Δ) decays intro-
ducing a correlation (negative fluctuation) of protons and
pions. It is obvious that hadronic effects like resonance de-
cays and hadronic interactions result in non-vanishing fluc-
tuations also in the K/π ratio, which should be studied in
detail in order to correctly interpret the experimental data.
Fig. 1 shows the results of calculations with the string-
hadronic transport model UrQMD, taking into account
the detector acceptance, in comparison to the NA49 data.
While the p/π fluctuations are well reproduced, the K/π
data deviate from the model at lower beam energies. The
influence of the detector acceptance is noticeable but not
dramatic in case of K/π.
It should be noted that the ratio referenced above is the
ratio of charged kaons over charged pions, i. e. (K+ +
K−)/(π+ + π−). Interestingly, all single particle ratios
(K+/π+, K−/π− and vice versa), not measured by NA49,
show negative fluctuations in the model. This suggests a
significant influence of resonances as in the case of p/π. In-
deed, about half of all charged kaons produced by UrQMD
originate from the decay of K∗.
Positive fluctuations in the ratio of the sum of kaons over
the sum of pions can be introduced by decays producing
kaon or pion pairs, like e. .g. φ → K+K− or alternatively
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Figure 1: Dynamical fluctuations of (left) the K/π and
(right) the p/π ratio as function of collision energy. The
open circles denote results obtained with UrQMD, the
closed one experimental results.
φ → ρπ0 → π + π−π0. For this decay, an analytical
formula can be derived for the fluctuations in full phase
space:
σ2dyn =
2· < φ > ·BRKK
< NK >2
+
2· < φ > ·BRππ
< Nπ >2
− 2 Cov(NK , Nπ)
< NK >< Nπ >
Here, NK,π denotes the multiplicity of primary particles.
Since pions are more abundant than kaons, and the branch-
ing ratio of φ into kaons is larger, the first term dominates.
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Figure 2: Dynamical fluctuations of the kaon to pion ratio
obtained by the generic model as function of the φ yield
In order to systematically study the influence of res-
onance decays to the fluctuation signal, a generic decay
model was developed which generates resonance decays
in an environment of primary particles with given mean
multiplicities and phase space distributions. Fig. 2 shows
the fluctuations induced by the φ decay obtained from this
model in full phase space as a function of the φ multiplic-
ity. The yields of kaons and pions were taken from UrQMD
at 25 AGeV. It can be seen that the fluctuation signal is a
strong function of the φ yield. Accurate knowledge of the
latter is thus mandatory in order to decouple the hadronic
contribution to the fluctuations from possible critical phe-
nomena.
The results of our model in full phase space agree with
the analytical formula as shown in fig. 2. However, it also
allows to account for limited detector acceptance. In the
future, we will thus apply the generic resonance model to
all beam energies measured by NA49, using experimental
data on pion, kaon and resonance yields and distributions
and taking into account the detailed detector acceptance.
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Study of the ηN scattering amplitude through the associated photoproduction
of φ- and η-mesons in the region of the N*(1535) resonance ∗
M.F.M. Lutz1 and M. Soyeur2
1GSI, Darmstadt, Germany; 2DAPNIA, CEA/Saclay, France
The quantity of interest in this work is the s-wave η-
nucleon scattering amplitude displayed in Fig 1. The real
and imaginary parts of this amplitude are derived in the re-
lativistic coupled-channel scheme of Ref. [1]. The cor-
responding η-nucleon scattering length is aηN=(1.03 +
i 0.49) fm. The range of values found in the literature for
Re aηN (from ∼ 0.3 to ∼1 fm) is however very broad and
reflects the indirect nature of the determination of Re aηN
from η-meson production reactions.
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Figure 1: Real and imaginary parts of the s-wave ηN scat-
tering amplitude (from Ref. [1])
The purpose of this calculation [2] is to show that the
γp → φηp process in specific kinematic conditions is most
sensitive to the η-nucleon scattering at threshold, so that
accurate data on this process could help determining aηN .
These kinematic conditions are twofold. On the one
hand the ηp invariant mass in the final state should be
close to its threshold value and not much larger than the
N*(1535) resonance mass. On the other hand the initial
photon energy should be sufficiently high, typically in the
range 4 < ELabγ < 5 GeV, in order to reach low (ab-
solute) values of the squared 4-momentum transfer from
the initial photon to the final φ-meson (|t| < 1 GeV2).
In these conditions, we expect the γp → φηp reaction
cross section to be dominated by the η t-channel exchange,
offering the possibility to test the η-nucleon scattering am-
plitude. Both π- and η-exchanges can contribute (see Fig.
2). The dominance of the η-exchange comes mainly from
the very unfavourable ratio (gφπγ/gφηγ)2 which is of the
order of 1/29 [2]. The s-wave π p → η p amplitude is also
significantly smaller than the η p → η p amplitude. The
relative sign of the coupling constants gφπγ and gφηγ is not
fully determined. We have therefore calculated the inter-
ference between the π- and η-exchanges with both signs.
∗Work supported by the European Community-Research Infrastruc-
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Figure 2: π0- and η-exchange contributions to the γ p →
φ η p process.
A typical result of our calculation (based on the πp → ηp
and ηp → ηp amplitudes derived in Ref. [1]) is shown
in Fig. 3. The calculation confirms that the π0-exchange
term is negligible while the π0 − η interference is not.
As the πp → ηp scattering amplitude in the N*(1535) re-
sonance region is rather well-known, accurate data on the
γ p → φ η p reaction at ELabγ = 4-5 GeV and low t would
put additional constraints on the η-proton scattering ampli-
tude close to threshold. The expected cross sections are
small but do not appear out of reach of present experimen-
tal facilities. The measurement of the γp → φηp reaction
in these kinematics could be performed at JLab.
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Figure 3: Differential cross section dσγ p→φ η p/dt dw¯ at
ELabγ = 5 GeV for a total center of mass energy of the ηN
pair of 1.49 GeV (from Ref. [2]). The meaning of the lines
is given in the insert.
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The present-day interpretation of QCD lattice simula-
tions requires a profound understanding of the dependence
of observable quantities on the light quark masses. A pow-
erful tool to derive such dependencies is the chiral La-
grangian, an effective field theory based on the chiral prop-
erties of QCD. The application of strict chiral perturbation
theory to the SU(3) flavor sector of QCD is plagued by poor
convergence properties for processes involving baryons [1].
Thus it is important to establish partial summation schemes
that enjoy improved convergence properties and that are
better suited for chiral extrapolations of lattice simulations.
A recent novel scheme was suggested in [2, 3], the con-
struction of which was guided by keeping manifestly co-
variance, analyticity and causality. The computation of
the baryon octet and decuplet masses in this scheme was
worked out recently indicating convincing convergence
properties of the chiral loop expansion [2].
It is the purpose of the present work to confront the re-
sults of [2] with recent lattice QCD simulation of the MILC
collaboration [4, 5], that use dynamical u-,d- and s-quarks
in the staggered approximation. We do not aim at a quanti-
tative extrapolation of the lattice simulation, which would
require a continuum limit extrapolation and a quantitative
control of systematic errors. Rather, we want to use the
available partial lattice results to make predictions for fu-
ture QCD lattice simulations and possibly obtain rough
constraints on some chiral parameters.
Figure 1: The pion mass dependence of baryon octet and
decuplet masses predicted by the chiral loop expansion [3].
The solid squares are lattice simulations points from [4].
We evaluated the baryon octet and decuplet self ener-
gies at the one-loop level applying the relativistic chiral
Lagrangian. Adjusting the Q2 counter terms an excel-
lent representation of the physical baryon octet and de-
cuplet masses is obtained. The size of the pion-nucleon
sigma term was estimated by including in the fit the baryon
octet and decuplet masses at the SU(3) symmetric point
defined by mπ  690 MeV. For the latter the MILC col-
laboration suggests the values M[8]  1575 MeV and
M[10]  1710 MeV. As a result we predict σπN  54 MeV.
The kaon-nucleon sigma terms are σK−p  380 MeV and
σK−n  355 MeV.
Given this scenario the pion-mass dependence of the
baryon octet and decuplet masses were evaluated. The lat-
ter are a solution of a set of coupled and non-linear al-
gebraic equations. This is a direct consequence of self
consistency imposed on the partial summation, i.e. the
masses used in the loop functions are identical to those ob-
tained from the baryon self energies. As a striking con-
sequence we predict a discontinuous dependence of the
baryon masses on the pion mass (see Fig. 1). Typically
the baryon masses jump at pion masses as low as 300 MeV.
Most spectacular is the behavior of the Ξ mass. At small
pion masses it decreases with increasing pion masses. At
a critical pion mass of about 300-400 MeV it jumps up to
a value amazingly close to the prediction of the MILC col-
laboration. For all baryon masses for which the MILC col-
laboration published simulation points our results are rea-
sonably close to the lattice estimates, given the present un-
certainties from finite lattice spacing, the staggered approx-
imation and the theoretical uncertainties implied by higher
order contributions to the baryon self energies.
It is interesting to speculate on the physics behind
such an unexpected quark-mass dependence of the baryon
masses. A discontinuous behavior may signal a new type
of phase transition - or perhaps only some so-far unknown
instability of QCD for certain parameter choices. One may
argue that in the intermediate quark-mass region a ghost
state appears causing an instability. At present we can not
exclude the possibility that our results merely indicate that
the chiral extrapolation stops making sense at quite small
quark masses. On the other hand further chiral correction
terms may connect the various branches in a smooth man-
ner providing a quite non-liner quark mass dependence of
the baryon masses.
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The interaction of the K¯ with nuclei has received lots
of attention over the last years. The modified Λ(1405) in
the medium governs the K¯N interaction close to thresh-
old and gives rise to an attractive K¯N interaction in agree-
ment with phenomenology of kaonic atoms. Further the-
oretical advances have been performed by adding the p-
wave contribution to the K¯N optical potential in connec-
tion to heavy-ion experiments, which provide an excellent
scenario for testing high-momentum kaons and, therefore,
further partial-wave contributions.
The self-energy of the K¯ in the nuclear medium has been
obtained using a chiral unitary approach which incorpo-
rates the s- and p-waves of the K¯N interaction. The main
contribution to the p-wave amplitudes comes from the Λ, Σ
and Σ∗ pole terms [1]. The in-medium effective K¯N inter-
action is built solving the coupled-channel Bethe-Salpeter
equation which incorporates, in a self-consistent way, Pauli
blocking effects, meson self-energies modified by short-
range correlations and baryon binding potentials. The in-
medium amplitudes are calculated using a similar unita-
rization procedure as in free space. The evaluation of the
free space amplitudes rely on the factorization of the on-
shell interaction kernel out of the loop function. While the
on-shell factorization is still valid for in-medium s-wave
amplitudes, the medium corrections for p-waves are calcu-
lated using the full off-shell momentum contribution of the
vertices (see details in [2]).
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Figure 1: Λ(1115), Λ(1405), Σ(1195) and Σ∗(1385)
In Fig. 1 we display the Λ(1115), Λ(1405), Σ(1195)
and Σ∗(1385) by showing the imaginary part of the in-
medium effective amplitude as function of c.m. energy
√
s
for a total momentum P = 0. The free amplitudes (dot-
ted lines) are compared to the in-medium ones at ρ0 dress-
ing the antikaons self-consistently (dashed lines) and also
considering the in-medium effects on pions (solid lines).
The Λ(1115) acquires an attractive shift of -28 MeV when
pions are dressed due to the pion-mediated ΛN → ΣN
transition. This is in agreement with hypernuclear spec-
troscopy data. The Λ(1405) is generated dynamically close
to the free position and gets strongly diluted when pions
are dressed due to ΛNN−1 and ΣNN−1 decay channels.
The Σ(1195) shows an attraction of -35 MeV for this later
case. The Σ∗(1385) stays close to the free position for both
approaches and increases the width from 30 MeV in free
space to 80 MeV when pions are dressed.
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Figure 2: K¯ self-energy for two momenta.
The self-energy of K¯ at ρ0 as function of energy is
shown in Fig. 2 for two momenta. We show the s-wave
component only dressing kaons (dotted lines), dressing
also pions (dashed lines) and the p-wave contributions for
the latest approach (solid lines). At zero momentum, we
observe a small imaginary part at subthreshold coming
from K¯NN → ΣN , ΛN . The small p-wave strength is
due the Fermi motion of nucleons which produces a slight
repulsion in the real part of the self-energy since the en-
ergies that come into play are above the Λ, Σ and Σ∗ ex-
citations. At finite momentum of 450 MeV/c, the imagi-
nary part shows the ΣN−1 component at 300 MeV and the
Σ∗N−1 one around 550 MeV. In this case, the p-wave com-
ponents determine the imaginary part. The corresponding
optical potential changes from (-40,-30) MeV at ρ0/2 to (-
70,-80) MeV at 2ρ0 for q = 0 with or without including
the pion dressing while the imaginary part remains size-
able. Therefore, deep and bound K¯ states are not expected,
in agreement with previous self-consistent calculations.
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In self-consistent Dyson resummation schemes applied
to vector mesons special care has to be taken about the
four-transversality of the self-energy and the propaga-
tors. Such approaches, although being conserving on
the expectation-value level, suffer from the violation of
Ward-Takahashi identities at the two-point and higher-
order vertex-functions level. So far in the literature two
schemes have been proposed to deal with this problem
[2, 1]. We carefully reinvestigated both methods and found
problems arising from kinematical singularities, unless fur-
ther conditions are imposed on the resulting polarisation
tensor. In particular singularities in the polarisation tensor
occur which lead to spurious and thus unphysical modes: a
massless mode in the approach of [1] while the projection
method introduced by two of us [2] has no problems at the
light cone but introduces artifacts at zero energy which also
spoil the results.
In the approach proposed in [1] a naive projection
scheme is used. In any iteration step of the self-consistent
calculation the undesired four-longitudinal components of
the polarisation tensor, Πμν(q) (e.g. of the ρ-meson), are
simply cut off. Since the pertinent projectors, however, are
singular on the light-cone, the spatially longitudinal com-
ponent of the polarisation tensor becomes divergent there,
Im ΠμνL (q)
q2→0−→ (q) q
μqν
(q2)2
, (1)
implying the following behaviour for the spatially longitu-
dinal spectral function of the vector meson in the vicinity
of the light cone:
AμνL (q)
q2→0−→ 2q
μqν
4m4ρq2(q0 − |q|)2 + 2
. (2)
Thus these components show a strong peak along the light
cone, c.f. the result for A00 in Fig. 1. Note that A00(q) =
 200
 400
 600
 800
 1000
 1200
100
200
300
400
500
0
0.5x10-5
1x10-5
1.5x10-5
A00 [MeV-2]
Energy [MeV] Momentum [MeV]
Figure 1: Time-time component, A00(q), of the ρ-meson
spectral function at T = 160 MeV as a function of en-
ergy and three momentum for the Ruppert-Renk projection
method.
q2
q2 AL(q) drops to zero at vanishing spatial momentum q.
This light-cone structure represents a zero-mass mode with
amazing stamina. This fictitious mode always emerges un-
less the unprojected tensor is exactly four-transversal on the
light-cone. Two of us (HvH and JK) [2] suggested an al-
ternative method for the construction of a four-transversal
polarisation tensor which definitely avoids the above stated
light-cone singularity, since there ΠL(q) vanishes by con-
struction. For details we refer to refs. [2, 3]. It should
be mentioned though that due to the 1/q20 factor in the
construction of Π00(q) = qiqkΠik/q20, this method leads
to a singularity in A00 at vanishing energy q0 = 0. Nu-
merical investigations on the example of the ρ meson show
that the spurious modes in both methods seriously spoil the
physical results in cases where the ρ meson significantly
contributes to the self-energies of the other particles in the
system such as, e.g., the pionic modes [5].
Similar problems with kinematical singularities also ap-
pear in the relativistic treatment of particles with spin 3/2
such as the Δ resonance. There the problems are even more
subtle and complex. All such cases should therefore be
carefully investigated and appropriately adjusted in order
to comply with supplementary analytical constraints that
cure the occurrence of spurious modes.
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The study of the hyperon-nucleon (Y N ) interaction
is essential to an understanding of the physics of octet
baryons and nuclear systems with strangeness. In addition,
the Y N interaction also determines the properties of hyper-
nuclei, double hypernuclei and the behavior of dense nu-
clear matter. Unfortunately, experimental data of the Y N
interaction are rare compared to the nucleon-nucleon case.
There exist only a very limited amount of scattering data
with which one constructs high quality potentials such as
the Nijmegen soft core potential NSC97, NSC89, the Jülich
one-boson-exchange potential and the recently constructed
chiral effective field theory potential with cutoffs between
550 and 700 MeV [1].
The focus of this work is a comparative analysis of all
these various potentials and determine their differences as
well as their similarities. Based on a Renormalization
Group (RG) approach an effective low-momentum Y N
interaction Vlow k is obtained by using these potentials as
initial condition for solving the corresponding RG equa-
tions [2]. From these different Vlow k’s we calculate in
Hartree-Fock approximation the single particle potential
(SPP) for the Λ-hyperon in symmetric non-strange nuclear
matter. This allows us to investigate the density depen-
dence of the SPP without any hyperon-hyperon (Y Y ) in-
teractions, which are not well known generally. The re-
sulting various SPP’s for vanishing hyperon momentum as
function of the density are shown in Fig. 1.
The SPP is given by an integration over the diagonal
elements of the effective low-momentum potential ma-
trix. This also establishes a simple connection between the
SPP and the Vlow k. In addition, some experimental data
e.g. from the (π−,K+) spectra are available and allow a
comparison. It is found that the depth of the SPP at satura-
tion density ρ0 is −30 MeV [3].
As one can see in the figure most of the different effec-
tive Y N interactions give different result in magnitude as
well as the shape of the curves. The common feature is that
all Nijmegen models and the chiral effective theory agree
up to, and slightly above, the saturation density. The agree-
ment of all the Nijmegen models is expected since all are
based on a similar footing. Interesting is the agreement
with the model using chiral effective theory in leading or-
der. This chiral potential and all NSC97 potentials cross the
only known experimental point at saturation density ρ0.
For higher densities it is obvious that none of the po-
tential agree with each other. Note, that these differences
do not influence the behavior of hypernuclei strongly. But
on the other hand, these differences can have drastic con-
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Figure 1: Density dependence of the Λ-hyperon single par-
ticle potential for vanishing momentum in symmetric nu-
clear matter.
sequences for neutrons star with hyperons because the Λ
particle abundance and concentration will strongly depend
on the depth of the SPP.
We conclude from this analysis that there is a need for
more experimental data in order to constrain the Y N in-
teraction. Additionally, it is seems that the leading order
contribution to the ΛN potential are sufficient to reason-
ably describe the Λ hyperon properties.
This investigation can easily be extended to non-
symmetric nuclear matter and also the inclusion of the Σ
hyperons becomes feasible. Furthermore, the construction
of β stable nuclear matter with nucleons and hyperons is
also possible if the Y Y interaction is neglected.
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The investigation of the phase diagram of strongly inter-
acting matter is subject of current (e.g. RHIC, BNL) and
future experiments (e.g. FAIR, GSI). With these experi-
ments different regions of the phase diagram are accessible
at finite baryon chemical potential μB and finite tempera-
ture T . On the other hand, there are also strong efforts to
understand the phase structure theoretically. For example,
lattice simulations perform well at zero chemical potential
and finite temperatures. For three quark flavors the phase
transition is found to be a rapid crossover [1]. Lattice sim-
ulations at non-zero chemical potentials struggle with the
fermion sign-problem. Although there are several methods
available to circumvent this problem the predictive power
of such lattice simulations is still very limited.
Therefore phenomenological model studies based on ef-
fective field theory are required in order to access the re-
gion of heavy-ion collision experiments in the phase di-
agram. These models (e.g. NJL, quark-meson model)
incorporate the chiral symmetry of the underlying QCD.
For the two lightest quark flavors (u, d) this symmetry is a
good one and for three flavors (u, d, s) still an approximate
symmetry. Lattice studies indicate that the confinement-
deconfinement transition coincides with the chiral symme-
try restoration. Model calculations, limited to two quark
flavors mostly, are performed typically in mean-field ap-
proximations, which break down near the phase boundary
because of strong fluctuations.
We start our investigation with an mean-field analysis
in the three flavor quark-meson model. In order to cal-
culate the partition function we omit the integration over
the mesonic degrees of freedom and replace the fields by
their constant expectation values φ = 〈φ〉. In this way
the mesonic fluctuations are neglected while the integra-
tion over the quark- and antiquarks is performed. Within
the Matsubara formalism two different quark chemical po-
tentials are introduced: One for the light quarks μ and one
for the strange quarks μs.
In Fig. 1 two phase diagrams in the (T, μ)-plane for
μs = 0 are shown. The lower curve is calculated in the
chiral limit, where the explicit symmetry breaking is absent
and all quark masses vanish. Based on universality argu-
ments Pisarski and Wilzcek [2] argued that the chiral phase
transition is always of first order in the chiral limit. We
also found this result in our calculation. The upper curve in
Fig. 1 is obtained for finite constituent light quark masses
(mu = md = 300MeV) and a predicted strange quark
mass (ms = 434MeV ). For these values we find a smooth
cross over transition for μ < 264MeV (dashed line). For
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Figure 1: Phase diagrams for realistic pion masses (upper
curve) and for the chiral limit (lower curve). The label CEP
denotes the critical end point.
larger chemical potentials the transition is first order. For
μcc = 264MeV and T cc = 110MeV we find a critical point
corresponding to a second order transition. Our value of
the critical temperature Tc ≈ 178MeV at zero chemical
potential for finite quark masses is in accordance with the
one of former lattice calculations (Tc ≈ 173±10MeV, see
e.g. [3]). In the last year new lattice simulations reported a
higher value (Tc = 192 ± 11MeV,[4]), which is also still
in agreement with our value. The latest value though indi-
cates a significantly lower temperature (Tc ≈ 151±6MeV,
[5]).
This work forms the basis for a more sophisticated treat-
ment within the functional renormalization group (FRG)
method which goes beyond the mean-field approximation.
Studies with the FRG in an effective two-flavor quark-
meson model show the importance of fluctuations espe-
cially in the vicinity of a phase transition [6, 7]. The
FRG provides an effective and reliable tool to determine
the phase structure in an efficient way.
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Enhanced fluctuations are characteristic for phase transi-
tions. Thus, the exploration of fluctuations is a promising
tool for probing the phase structure of a system. The phase
boundaries can be identified by the response of the fluctua-
tions to changes in the thermodynamic parameters. In this
work [1] the fluctuations in various channels near the phase
boundary are explored by using the Nambu–Jona-Lasinio
(NJL) type model.
The quark number susceptibility  
 
is of particular in-
terest for exploring the tricritical point (TCP) since  
 
is
expected to diverge at the TCP according to universality ar-
guments. In Fig. 1 we show the critical region in the mean
field approximation, where the  
 
, due to fluctuations, ex-
ceeds the free one by more than an order of magnitude.
The different critical exponents along the phase boundary
and perpendicular to it are reflected in the shape of the crit-
ical region. It is elongated along the phase boundary, where
the singularity is strongest. We find that the critical region
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Figure 1: The critical region in the  - plane obtained in
the NJL model. The TCP indicated by a dot is located at
 

  

  MeV.
extends over 	   MeV, corresponding to a change
of the collision energy 	

  
 AGeV. Consequently,
this crude estimate implies that in order to observe effects
of critical fluctuations in A–A collisions one would need to
measure an excitation function with an energy step 	


smaller than 1 AGeV.
Recently, color degrees of freedom were introduced in
the NJL Lagrangian through an effective gluon potential
expressed in terms of Polyakov loops (PNJL model) [2]. In
Fig. 2 we show the chiral and Polyakov loop susceptibili-
ties  

and  

 

computed at    in the PNJL model in
the chiral limit within the mean field approximation. The
peak of  

 

is much broader and the susceptibility remains
finite at all temperatures. This is due to the explicit break-
ing of the   symmetry by the presence of quark fields
 Supported in part by the Virtual Institute of the Helmholtz Associa-
tion under the grant No. VH-VI-041.
Figure 2: The chiral  

(dashed-line) and the Polyakov
loop  

 

(solid-line) susceptibilities in the chiral limit as
functions of temperature  for   .
in the PNJL Lagrangian. Nevertheless,  

 

still exhibits a
peak structure that can be considered as a signal for the
deconfinement transition in this model.
In Fig. 3 we show the resulting phase diagram for the
PNJL model. The boundary lines of deconfinement and
chiral symmetry restoration do not coincide. There is only
one common point in the phase diagram where the two
transitions appear simultaneously. Recent LGT results both
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Figure 3: The phase diagram of the PNJL model in the
chiral limit. The solid (dashed) line denotes the chiral (de-
confinement) phase transition respectively. The TCP (bold-
point) is located at  

 
 

  MeV.
at vanishing and at finite quark chemical potential show
that deconfinement and chiral symmetry restoration appear
in QCD along the same critical line [3]. In general it is
possible to choose the PNJL model parameters such that
the both critical temperatures coincide at   .
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A chiral effective quark-meson model with the Polyakov loop
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The phase diagram of Quantum Chromodynamics
(QCD) is governed by two symmetries, chiral symmetry
in the limit of vanishing quark masses where the theory is
invariant under chiral SU(Nf )×SU(Nf ) flavor rotations,
and a global Z(Nc) symmetry associated with the center of
the color SU(Nc) gauge group in the absense of dynamical
quarks. Then, the center symmetric phase has confinement
whereas the center broken phase is deconfined.
In the real world with finite but sufficiently small quark
masses with two or three flavors chiral symmetry is sponta-
neously and explicitly broken. At high temperatures and/or
densities a chiral phase transition occurs to a partially re-
stored chiral quark-gluon plasma (QGP) phase. The chiral
condensates 〈q¯q〉 serves as an order parameter for the dif-
ferent phases.
The order parameter for the center symmetry is the ther-
mal average of the Polyakov loop Φ(A0) which relates to
the exponential of the free energy of a static quark. At low
temperature and suffciently large quark mass the Polyakov
loop vanishes, and we are in the confined phase with in-
finitely large free energy for a static quark. At high temper-
ature or high energies the theory is deconfined.
By now the confinement-deconfinement phase transtion
in the static quark limit is well-simulated within a simple
field theoretical model for the Polyakov loop [1], the pa-
rameters of which are fitted to lattice data. However, in the
presence of dynamical quarks center symmetry is explicitly
broken and no order parameter exists for the deconfinement
transition.
In turn, hadronic properties at low energies and the chi-
ral phase transition at finite temperature and/or density are
well-described by means of chiral effective models such
as the linear quark-meson model [2]. The parameters are
fixed such that chiral symmetry is broken in the vacuum.
But those models lack a dynamical gauge sector important
for the accurate description of the QCD phase diagram.
The Polyakov-quark-meson (PQM) model is a synthe-
sis of the chiral quark-meson model with Polyakov loop
dynamics, e.g. [3]. The basic ingredients of the model are
constituent quarks, meson fields such as the σ- and π-fields,
and an effective Polyakov loop potential which preserves
center symmetry. A Dirac term in the action couples the
quarks to the Polyakov loop via the temporal component
of the gauge field. The parameter of the Polyakov loop
potential are fixed by requiring that the equation of state
on the lattice obtained in pure gauge theory is reproduced.
In particular, in this case a first-order deconfinement phase
transition is seen at Tc ∼ 270 MeV and μ = 0.
The presented model is fitted to the vacuum for physical
∗ bernd-jochen.schaefer@uni-graz.at
pion masses in mean-field approximation and compared to
the quark-meson model without the Polyakov dynamics in
the same approximation.
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Figure 1: Phase diagrams of the two flavor quark-meson
model with Polyakov loop (upper curve) and without
Polyakov loop dynamics (lower curve). The label CEP de-
notes the critical end point.
In Fig. 1 the resulting two-flavor phase diagrams in
the (T, μ)-plane for the pure quark-meson model (lower
curves) [2] and for the PQM model (upper curves)
are shown. The coupling of quarks to Polyakov loop
changes the first-order deconfinement transition to a
smooth crossover and shifts the critical temperature down
to Tc ∼ 185 MeV. In the PQM model the boundary
lines of the deconfinement and chiral transition coincide
at the T -axis. From RG arguments an explicit Nf - and μ-
dependence of the Polyakov loop potential parameters is
inferred resulting in a very good coincidence of the bound-
ary lines of both transitions in the phase diagram [4]. The
chiral transition temperature in the present model is in-
creased throughout the phase diagram in comparison to the
quark-meson model (see Fig.). For the future this analy-
sis establishes a starting point towards the fully dynamical
QCD by removing more and more of the effective model
constraints.
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QCD thermodynamics has been the subject of intense
investigations in recent years. In order to interpret cor-
responding lattice QCD results the Polyakov-loop ex-
tended Nambu Jona-Lasinio (PNJL) model is a promis-
ing field theoretical quasiparticle model [1, 2, 3, 4] com-
bining the two principal non-perturbative features of low-
energy QCD: confinement and spontaneous chiral symme-
try breaking. In the PNJL model quarks develop quasipar-
ticle masses by propagating in the chiral condensate, while
they couple at the same time to a homogeneous background
(temporal) gauge field representing Polyakov loop dynam-
ics. Recent investigations [2, 3] have focused on PNJL cal-
culations in comparison with lattice QCD thermodynamics
including finite quark chemical potentials μ. An example
is shown in Fig. 1.
Figure 1: PNJL result for the fourth moment of the pressure
with respect to μ/T compared to lattice data [5]. The inset
shows the corresponding second moment of the pressure.
Of particular interest is the location of the critical end-
point at which the chiral and deconfinement crossover tran-
sitions at lower μ turn into a first-order phase transition
above some critical μ. In Fig. 2 we show the phase di-
agrams in the (T, μ)-plane derived from the PNJL model
[2] using different current quark masses. The change of
the critical endpoint with varying quark mass mainly re-
flects the dependence of the critical chemical potential on
the quark mass. The presence of the diquark dominated
phase at large μ stabilizes the temperature of the critical
endpoint at rather high values.
We have recently explored [3] the quark number suscep-
tibilities. This observable is particularly interesting since
it is known to diverge at the critical temperature for a first
order phase transition. The observed peak in the lattice re-
sults for this observable [5] has been often interpreted as
a signal of the tricritical point in the QCD phase diagram.
Within our model [3] we have compared the full result for
χq with the truncated one given by a Taylor expansion.
Figure 2: Phase diagram predicted by the PNJL model in-
cluding scalar diquarks. The graph illustrates the current
quark mass dependence of the phases and the critical point.
The conclusions that we can draw are the following: the
PNJL model gives a good description of the lattice data for
a large variety of thermodynamical quantities. The compar-
ison between the full PNJL results at finite chemical poten-
tial and the truncated ones show good convergence of the
Taylor series up to μ/T ≤ 0.4 - 0.6. For larger values of
μ/T , significant discrepancies are observed between full
and truncated results in the region around the phase tran-
sition, in particular for the quark number susceptibilities.
The singular behaviour of the susceptibilities observed in
the expanded result is not present in the full calculation.
The transition predicted by our model for μ/T = 1 is still
a crossover, reflected by the finite height of the peak in the
corresponding quark number susceptibilities.
The good agreement of the calculated quark number sus-
ceptibilities with results from lattice calculations [5] en-
courages us to study isovector susceptibilities in the frame-
work of the PNJL model. Further developments now aim
for an extension of the present framework to Nf = 3 in or-
der to explore the rich structure of colour superconducting
(diquark) phases with three quark flavours and the addi-
tional effects of Polyakov loop dynamics.
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Suitable equations of state (EoS) of hadronic matter
should comply with experimental information extracted
from the description of the global characteristics of atomic
nuclei, neutron stars and heavy ion collisions. As sug-
gested in [1] a relativistic mean-field model EoS satis-
fies the majority of existing constraints at zero tempera-
ture. Our considerations here generalize the model [1] to
finite temperatures. We include low-lying non-strange and
strange baryon resonances (p, n, Δ, Λ, Σ, Ξ, Σ∗, Ξ∗, and
Ω) and their antiparticles, as well as σ, ρ, ω meson exci-
tations constructed on the ground of mean fields, and the
(quasi)Goldstone excitations of π, K and η mesons. Their
high mass partners in the SU(3) multiplet K∗, η
′
and ϕ are
added. The model exploits the Brown-Rho scaling hypoth-
esis and scales mass-terms of σ, ω and ρ fields as well as
the baryon masses by a universal σ mean-field dependent
scaling function Φ. In order to obtain a reasonable EoS, the
meson-baryon coupling constants are also scaled with the
σ mean field. All states are treated within a quasiparticle
approximation. We call this approach the scaling hadron
mass-couplings (SHMC) model [2].
Figure 1: Temperature dependence of the effective masses
of the nucleon, ω, ρ excitations (thick lines), and of the σ
excitations (thin lines) at two baryon densities, N = Z .
Levels of value mπ and 2mπ are shown by dotted lines.
Different phases can be realized within the SHMC
model. As it is seen from Fig. 1, the mass of the σ ex-
citation may fall below the value mπ at T = T chir. In
models with inherent chiral symmetry this would be the
chiral symmetry restoration point. In a narrow interval of
temperatures 170 <∼ T <∼ 210 MeV the nucleon-ω-ρ and
σ excitation masses drop to zero (at Tcσ  210 MeV for
the case nB = 0) and similarly for finite nB . Masses of
higher lying resonances also drop but do not vanish at Tcσ.
The effective mass of the σ excitation (mpart∗σ ) is getting
imaginary at T > Tcσ. The stability is achieved due to the
self-interaction between the σ-particle excitations.
∗Work supported by DFG project 436 RUS 113/558/0-3
The temperature dependence of the EoS at T near Tcσ
is suggestive of a ”phase boundary” behavior, quite dif-
ferent from that of the ideal gas. In case nB = 0 and
T >∼ 170 MeV the pressure calculated in the SHMC model
results to be much higher than that predicted by lattice sim-
ulations. Yet it can be adjusted to cope with the QCD lattice
data up to higher temperatures, if the strengths of the cou-
plings of the σ meson with baryon resonances are reduced.
This fact is clearly seen from the isentropic evolution path
Figure 2: Isentropic trajectories for ultrarelativistic central
Au+Au collisions at different bombarding energies calcu-
lated in the SHMC model (solid lines) and with suppressed
baryon couplings (dashed lines). Filled symbols are from
the 4π particle ratio analysis. Open symbols are the lattice
2-flavor QCD results. The thin line represents the freeze-
out curve. References to all data can be found in [2].
in the (T, μB)-plane as obtained from the SHMC EoS
shown in Fig. 2 (dash lines). The entropy per baryon partic-
ipants S/NB was estimated in [3] within the 3-fluid hydro-
dynamic model assuming a first order phase transition sce-
nario to a quark-gluon plasma. It is of interest that the data
sets analysed by Andronic and Becattini strongly correlate
with the freeze-out curve E¯/N¯ = 1 GeV. The calculated
trajectories for isentropic expansion exhibit some flattening
above the freeze-out curve near the expected phase bound-
ary. Such a behavior resembles that of a smeared first-order
phase transition. For suppressed baryon couplings (besides
nucleons) by a factor 1/3, the trajectories turn out to be very
close to those of the lattice QCD results.
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Neutron matter at finite temperature
L. Tolo´s1,2, B. Friman2, and A. Schwenk3
1FIAS, J.W. Goethe-Universita¨t, Frankfurt am Main; 2GSI, Darmstadt; 3TRIUMF, Vancouver, Canada
The nuclear equation of state plays a central role in
the physics of neutron stars and core-collapse supernovae.
Renormalization group methods coupled with effective
field theory offer a systematic approach to nuclear mat-
ter: For low-momentum interactions Vlow k with cutoffs
around 2 fm−1, the strong short-range repulsion in con-
ventional nucleon-nucleon (NN) interactions and the tensor
force are tamed [1]. At sufficient density, Pauli blocking
eliminates the shallow bound states, and thus the particle-
particle channel becomes perturbative in nuclear matter [1].
In addition, the corresponding leading-order chiral three-
nucleon (3N) interaction becomes perturbative in light nu-
clei for Λ  2 fm−1 [2]. Consequently, the Hartree-Fock
(HF) approximation is a good starting point, and perturba-
tion theory (in the sense of a loop expansion) around the
HF energy becomes tractable [1].
At finite temperature, the loop expansion around the HF
free energy can be realized by the perturbative expansion of
the free energy [3], where we treat the momentum depen-
dence of the self-energy perturbatively. The free energy
F (N) up to second order (for details see [4]) is given by
F (N) = F0(N) + Ω1(μ0) + Ω2,n(μ0)
+
[
Ω2,a(μ0)− 12
(∂Ω1,NN/∂μ)2
∂2Ω0/∂μ2
∣∣∣∣
µ0
]
+ . . . , (1)
where μ0 is the chemical potential of a non-interacting sys-
tem with the same density ρ = N/V as the interacting one,
N = −[∂Ω0/∂μ]µ0 , and F0(N) = Ω0(μ0) + μ0N is the
free energy of the non-interacting system. The above ex-
pansion ensures the correct T → 0 limit [3].
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Figure 1: The free energy per particle F/N [4].
The free energy per particle [4] is shown in Fig. 1 for
temperatures T = 3 MeV, 6 MeV and 10 MeV, where the
low-momentum interaction Vlow k is obtained from the Ar-
gonne v18 potential for a cutoff Λ = 2.1 fm−1. For the
3N contribution at the HF level, we find that only the c1
and c3 terms of the long-range 2π-exchange part survive
(for details on the 3N interaction, see [1, 2]). For the
T = 6 MeV results, we provide error estimates by vary-
ing the cutoff over the range Λ = 1.9 fm−1 (lower curve)
to Λ = 2.5 fm−1 (upper curve). As expected the error
grows with increasing density. From Fig. 1, we observe
that the equation of state becomes significantly less cutoff
dependent with the inclusion of the second-order NN con-
tributions. We also compare our results for the free energy
to the model-independent virial equation of state [5] and
to the variational calculations of Friedman and Pandhari-
pande [6] (FP, based on the Argonne v14 and a 3N poten-
tial). We find a very good agreement with the virial free
energy, and for the densities in Fig. 1 similar results as FP.
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Figure 2: The energy per particle E/N [4].
Our results [4] for the energy per particle are presented in
Fig. 2. As for the free energy, we observe additional bind-
ing and a significantly reduced cutoff dependence at second
order. In contrast to the variational calculation of FP [6],
the low-density behavior at second order is in good agree-
ment with the virial equation of state [5]. This highlights
the importance of a correct finite-temperature treatment of
second and higher-order contributions.
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Dependence of the 1S0 superfluid pairing gap on nuclear interactions
K. Hebeler1, A. Schwenk2, and B. Friman1
1GSI, Darmstadt; 2TRIUMF, Vancouver, Canada
Nucleon-nucleon (NN) interactions are well constrained
for relative momenta k  2 fm−1 by existing scattering
data [1]. The model dependences for larger momenta can
be seen, for instance, in the 3P2 superfluid pairing gaps for
Fermi momenta kF > 2 fm−1 [2]. In Ref. [3], we study in
detail the dependence of the 1S0 superfluid gap on nuclear
interactions at the BCS level, and on the resolution scale.
For the RG evolution to low-momentum interactions
Vlow k, we define a reduced interaction v(k, k′) through
V (k, k′) = f(k′) v(k′, k) f(k), where f(k) denotes a
sharp or smooth regulator with variable cutoff Λ. Start-
ing from an NN interaction with large cutoff v(k, k′) =
VNN(k, k′), we use the RG equation [4]
dv(k′, k)
dΛ
=
1
π
∫ ∞
0
p2dp
[
v(k′, p) ddΛ [f
2(p)] t(p, k; p2)
p2 − k2
+
t(k′, p; p2) ddΛ [f
2(p)] v(p, k)
p2 − k′2
]
(1)
to generate (hermitian) low-momentum interactions, that
preserve the low-momentum fully-on-shell TNN matrix as
well as the deuteron binding energy.
Our results for the density dependence of the neutron-
neutron (nn) 1S0 superfluid gap Δ [3] are shown in Fig. 1
for sharp cutoffs f(k) = Θ(Λ−k) with Λ = 2.1 fm−1, de-
rived from various charge-dependent NN interactions. We
find that the gap is practically independent of the NN in-
teraction used, and therefore strongly constrained by the
scattering phase shifts. Consequently, the uncertainties in
1S0 superfluidity are due to an approximate treatment of in-
duced interactions and dispersion effects, which go beyond
the BCS level, as well as due to three-nucleon (3N) interac-
tions. As shown, isospin symmetry breaking leads to small
but significant charge dependences in the pairing gaps.
Next, we study the dependence of the 1S0 gap on the
cutoff starting from the N3LO chiral interaction. Our re-
sults for three densities and different smooth exponential
regulators f(k) = exp[−(k2/Λ2)n], as well as for a sharp
cutoff, are shown in Fig. 2. As long as the cutoff is large
compared to the dominant momentum components in the
Cooper bound state, the gap depends very weakly on the
cutoff. Below this scale, which depends on the density and
the smoothness of the regulator, the strength of the bound
state decreases, since the momentum modes that build up
the Cooper pairs are integrated out. From Fig. 2, we ob-
serve that the cutoff dependence is very weak for sharp or
sufficiently narrow smooth-cutoffs with Λ > 1.6 fm−1.
The weak cutoff dependence indicates that, in the 1S0
channel, the contribution of 3N interactions is small at the
BCS level. Note that the 2π-exchange part of the corre-
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Figure 1: The 1S0 superfluid gap Δ versus Fermi momen-
tum kF. The lines indicated in the legend are the neutron-
proton gaps, whereas the grey lines show the nn gaps.
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Figure 2: Results for the 1S0 nn gap as a function of the
cutoff Λ for three densities and various regulators.
sponding low-momentum 3N interactions is cutoff inde-
pendent up to the regulator functions. Finally, we empha-
size that our results are obtained at the BCS level, and thus
should be considered as a theoretical benchmark and not as
a prediction of the physical pairing gap.
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Goldstone bosons in the color-flavor locked phase
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It is believed that the ground state of strongly interacting
matter at highest densities and low temperatures is a color
superconductor in the color-flavor locked phase (CFL) [1].
In that phase the formation of the diquark condensates
breaks the original SU(3)color× SU(3)L× SU(3)R sym-
metry (in the chiral limit) down to SU(3)color+V . Break-
ing of chiral symmetry leads to the appearance of pseu-
doscalar Goldstone bosons.
The properties of the Goldstone bosons have been in-
vestigated first within low-energy effective theory (EFT)
approaches [2, 3, 4]. These results become exact in the
weak-coupling regime at asymptotically high densities. It
has been predicted that kaon and pion condensation may
occur as a consequence of the stress imposed by a non-zero
strange quark mass or a non-zero electron chemical poten-
tial [4].
In Ref. [5], we have explicitly constructed CFL Gold-
stone bosons in a three-flavor Nambu–Jona-Lasinio type
model. Our Lagrangian consists of a free part and of scalar
and pseudoscalar quark-quark interactions. So far, we did
not take into account quark-antiquark interactions. How-
ever, as in the CFL phase baryon number is not conserved,
“mesons” are essentially diquarks, and it is sufficient to
consider quark-quark interactions only. The mesonic ex-
citations are then obtained as solutions of a Bethe-Salpeter
equation for the quark-quark scattering matrix T .
We begin our discussion with the case of equal masses
for up, down, and strange quarks. In this case, all con-
sidered meson masses are degenerate and given by the q0-
values for the poles in T . In agreement with the EFT pre-
dictions of Ref. [3], we find a linear dependence of the me-
son mass on the quark mass, mmeson = a mquark . The
slope a, however, does in general not agree with the ex-
pression given in Ref. [3]. For instance, for a gap param-
eter Δ ≈ 77 MeV, the slope of our calculation is approxi-
mately 35% smaller than the one obtained in EFT. We have
repeated this comparison for smaller values of Δ, i.e., for
a weaker quark-quark interaction. The deviation then gets
reduced and practically vanishes at Δ ≈ 10 MeV. This is
expected because the expressions of Ref. [3] apply to the
weak-coupling regime.
As a next step we keep mu and md constant, but vary
the strange quark mass ms. The previously degenerate so-
lutions for the poles of T then split into three branches,
which are plotted in Fig. 1 as functions of the strange quark
mass (points). Since we still have chosen equal masses for
up and down quarks, π− and π+, K− and K¯0, and K+ and
K0, respectively, remain degenerate. Again, we compare
our results with the predictions of EFT [4]. If we use our
∗ verena.werth@physik.tu-darmstadt.de
value of a instead of the EFT one (see previous paragraph),
the ms dependence of the poles is perfectly described by
the EFT formula (lines in Fig. 1), without any further ad-
justments.
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Figure 1: Meson properties for T = 0 and μ = 500 MeV.
Pole positions as functions of the strange quark mass ms
for mu = md = 30 MeV, points: our calculation, lines: fit
with EFT.
For the parameters chosen in Fig. 1, q0(pole) becomes
zero for K+ and K0 at ms ≈ 142 MeV. At this point kaon
condensation sets in. For higher strange quark masses the
CFL phase is no longer the correct ground state and the
shown results have no physical meaning.
We also calculated the pion decay constant fπ. We again
find that it is smaller than the EFT prediction, but ap-
proaches the EFT value for small gap parameters Δ.
As a next step we should include more interactions, e.g.,
quark-antiquark interactions, which are responsible for dy-
namical mass generation, or instanton induced interactions,
which are expected to increase the meson masses consider-
ably.
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Hadronic Matter is Soft
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For many years one of the most important challenges in
nuclear physics has been to determine the nuclear equation
of state (EoS). The study of monopole vibrations is limited
to small variations in density. Presently, the most promis-
ing approach is to use heavy ion reactions in which the den-
sity of the colliding nuclei changes significantly. Two prin-
cipal experimental observables have been suggested: (i) the
in-plane sidewards flow of nucleons in semi-central heavy
ion reaction at energies between 100 A MeV and 400 A
MeV and (ii) the production of K+ mesons in heavy ion
reactions at energies around 1 A GeV. The latter method
is most promising. Two effects link the yield of produced
K+ mesons with the stiffness of the EoS. If less energy is
needed to compress matter (i) more energy is available for
K+ production and (ii) the density which can be reached
in these reactions will be higher. In order to minimize
Figure 1: The ratio of the K+ multiplicities per A obtained
in Au+Au and in C+C reactions (Ref. [1]) is compared
to different calculations (IQMD, dashed lines and RQMD
dotted lines). The use of a hard EoS (KN = 380 MeV) is
denoted by thin (blue) lines, a soft EoS (KN = 200 MeV)
by thick (red) lines [1].
Figure 2: The double ratio [M/A(Au+Au)]/[M/A(C+C)]
calculated within the IQMD model (with and without KN
potential) as a function of KN at 0.8 A GeV. The experi-
mental value is given as band. This allows to estimate up-
per limits for KN.
the systematic errors it is better to compare ratios of cross
sections rather than absolute values. Figure 1 shows the
comparison of the measured ratio of the K+ multiplici-
ties as a function of the beam energy obtained in Au+Au
and C+C reactions [1] together with transport model cal-
culations. The data demonstrate an increase towards lower
incident energies. The calculations show that this increase
depends on the stiffness of the EoS. The thick lines refer
to a soft EoS, while the thin lines showing a much smaller
increase, represent a hard EoS. This observable is rather
stable; two different models as shown in the Fig. 1 exhibit
very similar trends. The sensitivity is illustrated in Fig. 2
comparing calculated ratio as a function of the compression
modulus KN with the measured value. This gives an upper
limit for KN of 240 MeV [2].
The conclusion that nuclear matter is best described by
a soft EoS, is supported by another observation, the de-
pendence of the K+ yield on the number of participating
nucleons Apart as shown in [1]. This method is based on a
parametrization of the K+ multiplicity by MK+ = Aαpart.
The experimental value for α of 1.34±0.16 obtained at 1.5
A GeV [3] allows to conclude again that the EoS is rather
soft with an upper limit of KN of 320 MeV considering the
experimental and theoretical uncertainties.
Figure 3: α and γ as a function of the beam energy sum-
marizes the dependence of the stiffness of the EoS.
The measured dependence of the K+ multiplicities with
system size can also be parameterized by M ∼ Aγ giving
γ = 1.32± 0.06 for 1.5 A GeV beam energy [3]. As both
the system-size and the Apart dependence are very similar,
Fig. 3 summarizes these results showing both α and γ as a
function of the beam energy. The preference of a KN value
around 200 MeV reflecting a soft EoS is striking. In [2] the
robustness of this conclusion is studied in detail by varying
the KN potential, the Δ life time and other parameters.
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Chemical Equilibrium in Collisions of Small Systems
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The Statistical Model is recognized as a powerful ap-
proach to describe particle yields established at chemical
decoupling. It has to be formulated in the canonical ensem-
ble with respect to strangeness conservation if the number
of strange particles becomes small. However, in some cases
canonical suppression under the assumption of strange-
ness chemical equilibrium in the whole fireball volume was
found not to be sufficient to reproduce the observed yields.
It has been proposed to introduce a non-equilibrium fac-
tor γS as additional fit parameter. Here we focus on an
alternative approach: Strangeness conservation happens in
subvolumes.
Canonical suppression which refers to small systems is
demonstrated in Fig 1. The left hand panel illustrates ra-
tios of various particles with different strangeness. It shows
that the grand-canonical limit is reached at radii of a few fm
and that the suppression becomes stronger with increasing
strangeness content. On the right hand side, the suppres-
sion of ratios of particles with a difference of ΔS = 1
shows that it is similar but not identical, it depends on the
strangeness content of both hadrons, not only on the differ-
ence. The latter is true for the suppression caused by the
undersaturation parameter γS .
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Figure 1: Different particle ratios as a function of the radius
R of a spherical volume. The temperature T = 170 MeV
and the baryon chemical potential μB = 255 MeV were
chosen according to the thermal conditions at top SPS en-
ergy. All ratios are normalized to the grand-canonical limit
in order to demonstrate the effect of canonical suppression.
In our approach strangeness equilibration happens only
within subvolumes VC of the system. Consequently, there
are two volume parameters in the model. The overall vol-
ume of the system, which determines the particle yields,
and the correlation (cluster) volume VC causing a canon-
ical suppression of strange particles. A particle with
strangeness NS can appear anywhere in the volume V ,
however, it has to be accompanied within the subvolume
VC by other particles carrying strangeness −NS to con-
serve strangeness.
Using the Statistical Model [1] extended by clusters with
local strangeness conservation data from SPS [2] have been
fitted [3]. The obtained freeze-out temperatures T barely
depend on system size and also the baryon chemical poten-
tial is flat if total yields are considered. Yet, μB decreases
towards smaller systems in fits to midrapidity densities in-
dicating a stronger stopping in larger systems.
The obtained cluster radius, RC (assuming spherical ge-
ometry), varies between 0.7 fm and 1.4 fm in all data sets
under study (Fig. 2). The observed increase of strange to
non-strange particle ratios by a factor of 2 from p-p to Pb-
Pb reactions is reflected in the observed increase in the radii
of the subvolumes.
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Figure 2: Cluster radius RC as a function of the number of
participants from fits to midrapidity densities (circles) and
integrated yields (squares) from p-p and central C-C, Si-Si
and Pb-Pb collisions.
While in the smallest system this correlation radius is
about the fireball radius, larger systems exhibits a radius
up to six times smaller than the fireball dimension. The fact
that RC is of the order of 1 fm and only weakly increasing
with system size, could indicate that the RC is the length
of strangeness correlation in a system. This is an surprising
result and requires further studies.
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Collective Flow in Heavy-Ion Collisions from AGS to SPS Energies∗
Yu.B. Ivanov†1,2 and V.N. Russkikh‡1,2
1Kurchatov Institute, Moscow, Russia; 2GSI, Darmstadt, Germany
The collective transverse flow was analysed within the
model of 3-fluid dynamics (3FD) [1]. Model parameters
of our previous paper [1] were used, which were fixed to
reproduce a great body of experimental data in the inci-
dent energy range Elab  (1–160)A GeV. These parame-
ters have been varied only in order to study sensitivity to
stiffness of the equation of state (EoS). Thus, in addition
to the default choice of the EoS with an intermediate in-
compressibility of K = 210 MeV [1] calculations were
also performed for a hard (380 MeV), soft (130 MeV), and
extra-soft (100 MeV) choice.
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Figure 1: Directed flow of protons as a function of rapidity
for mid-central Au+Au collisions at Elab = 2A, 4A, 6A
and 8A GeV. The 3FD results for three EoS’s are presented
at the impact parameter b = 6 fm. Data are from Ref. [2].
It was found that with the incident energy rise the flow
data favor an augmented softening of the EoS. This EoS be-
havior essentially occurs within the AGS energy range, as
it is illustrated in Fig. 1. At higher (SPS) energies the same
extra-soft EoS remains preferable. This observation indi-
rectly agrees with those obtained in the RQMD, UrQMD,
JAM and HSD transport models. In these models an effec-
tive softening of the EoS occurs at the early stage of the
collision, because of the implemented gradual (governed
by form-factors) or abrupt switching off of mean-field in-
teractions, or by the fact that mean fields turn out to be
∗Work supported by DFG project 436 RUS 113/558/0-3
† Y.Ivanov@gsi.de
‡ russ@ru.net
essentially reduced because of string formation. With this
mechanism of effective softening these models efficiently
reproduce the directed flow in the whole incident-energy
range with the same mean-field interaction. In Ref. [3] this
mechanism was summarized as “a transition from hadronic
to string matter”. As it was stated in Ref. [3], this “transi-
tion from hadronic to string matter” practically saturates at
the top AGS energy. This agrees with our observation that
no extra softening of the EoS is further required at SPS en-
ergies beyond that at top AGS energy. The transverse flow
is very sensitive to the character of the nonequilibrium dis-
tributions of the transverse-momentum at the initial stage
of the collision.
Alternatively the required EoS softening can be asso-
ciated with a deconfinement transition. Therefore, other,
more sophisticated EoS’s, including scenario of a phase
transition to the quark-gluon plasma phase, should be
tested within 3FD simulations. The present calculations
provide a natural benchmark for the future analysis.
The flow is an ”early-stage” observable, i.e. it is deter-
mined by the early-stage evolution of the collision. Our cal-
culations with different freeze-out criteria (different freeze-
out energy densities εfrz) confirm this conjecture. The di-
rected flow turns out to be fairly insensitive to such mod-
ifications. This low sensitivity on the freeze-out stage is
not surprising. The directed flow is a measure of the col-
lective momentum accumulated by matter during the ex-
pansion stage. The driving force of this collective momen-
tum is the pressure gradient created at the early compres-
sion stage of the collision. If the freeze-out occurs not too
early (e.g., not right after the compression stage), this pres-
sure gradient has enough time to accelerate the matter, and
hence the late-stage evolution does not noticeably change
the earlier-accumulated collective momentum. The ellip-
tic flow is a more subtle quantity. It is a measure of the
difference of the in- and out-of-plane flows. Therefore, its
sensitivity to the late stage is slightly enhanced.
A detailed report on this work can be found in Ref. [4].
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Statistical hadronization of J/ψ in Au+Au collisions at
√
sNN=200 GeV
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Since its proposal twenty years ago [1] as a crucial
observable for the diagnosis of the Quark-Gluon Plasma
(QGP) produced in ultra-relativistic nucleus-nucleus col-
lisions, the J/ψ meson has been the focus of intense ex-
perimental and theoretical efforts. The original idea of
J/ψ melting in QGP [1] was more recently challenged
with the idea that J/ψ production takes place at the chem-
ical freeze-out [2], which appears to be coincident with the
hadronization transition.
We present a comparison of statistical hadronization
model (SHM) predictions to the recent data from RHIC [3]
concerning the centrality and rapidity dependence of J/ψ
production. We investigate the yields relative to those ex-
pected from binary scaling of production in pp collisions
[5], as quantified by the observable:
R
J/ψ
AA =
dNAuAuJ/ψ /dy
Ncoll · dNppJ/ψ/dy
(1)
where dNJ/ψ/dy is the rapidity density of J/ψ yield inte-
grated over transverse momentum and Ncoll is the number
of binary collisions for a given centrality class. We have re-
cently presented [4] a comprehensive summary of the sta-
tistical hadronization model for charmed hadrons, as well
as of the influence of the input parameters on its results.
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Figure 1: Rapidity dependence of RJ/ψAA for two centrality
classes. The data at RHIC are from PHENIX [3]. Besides
the statistical and systematical errors (denoted by the bars
and boxes), a global systematic error of the order of 10%
for the data has to be additionally applied.
In Fig. 1 we present the rapidity dependence of RJ/ψAA .
Our calculations reproduce the RJ/ψAA data well. We note
that a constant RJ/ψAA value or with a minimum at midra-
pidity is expected within the melting model [1]. The max-
imum of RJ/ψAA at midrapidity is in our model due to the
enhanced regeneration yield, determined by the rapidity de-
pendence of the charm cross section. In details, our model
is in very good agrement with the data for the central bin (0-
20%), while predicting for the mid-central (20-40%) cen-
trality class a somewhat flatter shape than observed in the
data. The error of the experimental J/ψ data in pp [5] used
in our model plays a rather minor role, as denoted by the
dashed lines in Fig. 1.
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Figure 2: Centrality dependence of the RJ/ψAA for RHIC and
LHC energies.
The centrality dependence of RJ/ψAA at midrapidity is
shown in Fig. 2. Our calculations approach the value
in pp collisions around Npart=50, which corresponds to
an adopted minimal volume for the creation of QGP of
400 fm3 [4]. The model reproduces very well the de-
creasing trend versus centrality seen in the RHIC data [3].
Note that in our model this suppression arises entirely as
a consequence of the still small number of charm quarks
(dNcc¯/dy=1.6). It is important to stress that at the LHC
energy (
√
sNN=5.5 TeV) the charm production cross sec-
tion is about 10 times larger and, as a result, an opposite
trend is predicted, see Fig. 2.
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Electric Charge and Baryon Number Fluctuations in Pb+Pb Collisions at
SPS energies
V.P. Konchakovski1,2,3, M.I. Gorenstein1,3, E.L. Bratkovskaya3, and H. Sto¨cker3,4
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The order of phase transitions is reﬂected essen-
tially in a rapid change of susceptibilities of matter in
thermodynamic equilibrium with temperature T and
chemical potential µ. On the other hand, the suscep-
tibilities are a measure for ﬂuctuations in the degrees
of freedom considered such that ﬂuctuation measure-
ments might yield critical information on susceptibil-
ities if hadronic rescattering does not wash out the
ﬂuctuations originating from the phase transition. In
particular one expects to ﬁnd large ﬂuctuations in the
vicinity of the tri-critical point. Quite early, it has
been suggested to measure relative charge ﬂuctuations
since these should be signiﬁcantly smaller in a QGP
as compared to a hadron gas [1, 2]. However, various
experimental investigations at the SPS and at RHIC
have demonstrated that strong resonance interactions
and decays destroy the signal substantially. Further-
more, ﬂuctuations in conserved quantities - like charge
- depend strongly on the actual phase space measured.
It is therefore mandatory to use transport simulations
in order to properly account for detector geometries
and centrality classes of events in accordance with the
experimental setup and analysis. Morover, the micro-
scopic transport models allow to investigate the sensi-
tivity of event-by-event observables to the early stage
dynamics.
As an example, we present here the ﬁrst microscopic
event-by-event HSD calculations [4] of the charge ﬂuc-
tuations ΔΦq deﬁned as
ΔΦq = Φq − Φq,GCC, (1)
Φq =
√
〈Z2〉
〈N〉 −
√
z2, z = q − q, Z =
N∑
i=1
(qi − q),
where q denotes a single particle variable, i.e. electric
charge q; N is the number of particles of the event
within the acceptance, and over-line and 〈...〉 denote
averaging over a single particle inclusive distribution
and over events, respectively. The trivial ﬂuctuations
due to the global charge conservation (GCC) is
Φq,GCC =
√
1− P − 1, where P = 〈Nch〉〈Nch〉tot (2)
with 〈Nch〉 and 〈Nch〉tot denoting the mean charged
multiplicity in the detector acceptance and in full
phase space (excluding spectator nucleons), respec-
tively.
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Figure 1: The dependence of Φq (top) and ΔΦq (bot-
tom) on the fraction of accepted particles for central
Pb+Pb collisions at 20-158 AGeV. The NA49 data
[3] are shown as full symbols, whereas the open sym-
bols (connected by lines) reﬂect the HSD results. The
dashed line shows the dependence expected for the
case if the only source of particle correlations is due to
the global charge conservation Φq,GCC .
The HSD results [4] show a good agreement with
the NA49 data at SPS energies (Fig. 1). Thus, this
observable is dominated by the ﬁnal stage danymics,
i.e. the hadronization phase and the resonance decays,
and rather insensitive to the initial QGP dynamics.
On the other hand, it has been shown in [4] that the
measurement of the net baryon number ﬂuctuations
helps to quantify the mixing of initial baryon currents.
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Charmonium dynamics in nucleus-nucleus collisions at SPS and FAIR energies
O. Linnyk∗1, E. L. Bratkovskaya1, W. Cassing2, and H. Sto¨cker1
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Charmonium production and suppression in In+In and
Pb+Pb reactions at SPS energies has been investigated in
the HSD transport approach within the ‘hadronic comover
model’ as well as the ‘QGP threshold scenario’ [1]. As
found in Ref. [1] the comover absorption model – with
a single parameter |M0|2 for the matrix element squared
for charmonium-meson dissociation – performs best with
respect to all data sets for J/Ψ suppression as well as for
the Ψ′ to J/Ψ ratio for Pb+Pb (Figs. 1, 2).
Figure 1: The ratio Bμμσ(J/Ψ)/σ(DY ) versus the num-
ber of participants Npart in In+In (red line with open
squares) and Pb+Pb reactions (blue line with open circles)
at 160 A·GeV relative to the normal nuclear absorption The
full dots and squares denote the respective data from the
NA50 and NA60 Collaborations. The calculations reflect
the comover absorption model (upper part) and the ‘QGP
threshold scenario’ (lower part) with εJ/Ψ =16 GeV/fm3,
εχc = 2 GeV/fm3, εΨ′ = 6.55 GeV/fm3 while discarding
comover absorption. The figure is taken from Ref. [1].
The ‘QGP threshold scenario’ roughly reproduces the
J/Ψ suppression for both systems at 160 A·GeV but fails
∗ linnyk@fias.uni-frankfurt.de
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Figure 2: The ratio Ψ′ to J/Ψ versus the transverse energy
ET for Pb+Pb at 160 A GeV. The full dots and stars de-
note the data from the NA50 Collaboration [2]. The HSD
result for the comover absorption model is shown as the
red line, whereas the blue line indicates the ‘QGP thresh-
old scenario’ with εJ/Ψ = 16 GeV/fm3, εχc = 2 GeV/fm3
= εΨ′ and light blue with εJ/Ψ = 16 GeV/fm3, εχc = 2
GeV/fm3 and εΨ′ = 6.55 GeV/fm3 while discarding co-
mover absorption. The figure is taken from Ref. [1].
in the Ψ′ to J/Ψ ratio, since too many Ψ′ already melt
away for a critical energy density of 2 GeV/fm3 at 160
A·GeV. Only when assuming the Ψ′ to dissolve above ∼6.5
GeV/fm3 a reasonable description of all data is achieved
in the ‘QGP threshold scenario’; this threshold, however,
is not in accordance with present lattice QCD calculations
such that the ‘threshold scenario’ meets severe problems.
On the other hand the different scenarios can clearly be
distinguished at FAIR energies (of about 25 A·GeV) where
the centrality dependence of the J/Ψ survival probability
and the Ψ′ to J/Ψ ratio are significantly lower in the co-
mover absorption model. Indeed, the average comover den-
sity decreases only moderately with lower bombarding en-
ergy, whereas the region in space-time with energy densi-
ties above critical values of e.g. 2 GeV/fm3 ceases to exist
below about 20 A·GeV even in central collisions. It would
be ideal to measure the J/Ψ survival probability and the
Ψ′ to J/Ψ ratio in central Au+Au collisions, where clear
steps would indicate the presence of ‘melting thresholds’,
while a smooth excitation function would be in favor of the
comover absorption approach.
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Propagators of 2d Landau-gauge Yang-Mills theory
Axel Maas∗1
1GSI, Darmstadt, Germany
In two-dimensional Yang-Mills theory many quantities
can be determined exactly. In particular, no propagating
modes exist, and thus the theory is perfectly confining. It
is also related to topological field theories [1]. In Lan-
dau gauge, this is manifest already in perturbation theory,
where one has an explicit version of Kugo-Ojima confine-
ment by the quartet mechanism [2].
On the other hand, the Gribov-Zwanziger confinement
scenario is also applicable to this theory [3]. As in higher
dimensions it can be used to obtain predictions for the in-
frared critical behavior of correlation functions, especially
the ghost and gluon propagators. If the scenario is cor-
rect in two dimensions, this would be very advantageous.
On the one hand, it would permit to study the connec-
tion between the Gribov-Zwanziger confinement scenario,
the Kugo-Ojima confinement scenario, and topological as-
pects. However, it is not a-priori clear how results will
translate to higher dimensions. On the other hand, it will
be possible to study finite volume effects with much higher
resolution that in higher dimensions [4]. These effects are
currently under active debate (see, e.g., [5]), and any pos-
sibility to study them quantitatively is valuable.
Unfortunately, it is not (yet) known how to calculate the
Landau gauge correlation functions analytically. A possi-
bility to obtain them are lattice calculations.
Results for the gluon propagator and the ghost dressing
function are given in figure 1. Clearly, an infrared sup-
pressed gluon propagator (at large volume) is seen as well
as a infrared enhanced ghost dressing function. This is in
qualitative agreement with the Gribov-Zwanziger scenario.
In particular this implies that of the two infrared exponents
found in [3], only the non-trivial one is realized.
Hence, this supports the existence of a Gribov-
Zwanziger mechanism also in two-dimensional Yang-Mills
theory. It will thus be an interesting laboratory to study the
aforementioned effects. A quantitative analysis of the in-
frared effects as well as an extension to other quantities
of interest, like vertices and the Faddeev-Popov operator,
is straight-forward [4]. This may open up an interesting
road to connect various aspects of confinement and to un-
derstand more quantitatively finite volume and other lattice
artifacts.
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Figure 1: The gluon propagator (top) and ghost dressing
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Hamiltonian Lattice Gauge Theory Near The Light Cone
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Many physical observables are related to vacuum expec-
tation values of light-like Wegner-Wilson loops. For ex-
ample, the meson-meson scattering amplitude is governed
by the correlation function of two Wegner-Wilson loops ly-
ing on the light-cone [1]. Furthermore, a model indepen-
dent, non-perturbative, quantum field theoretical definition
of the jet-quenching parameter q̂ [2] relates the logarithm
of the thermal expectation value of a light-like Wegner-
Wilson loop to q̂. The jet-quenching parameter is the es-
sential parameter used in parton energy loss models which
successfully describe the large suppression of hadron spec-
tra, its dependence on the centrality and orientation to the
reaction plane in heavy ion collisions.
The theoretical challenge is the non-perturbative determi-
nation of these vacuum expectation values. The computa-
tional methods of lattice gauge theory are in principle ca-
pable of accomplishing this even by first principle calcu-
lations which makes them very appealing. However, there
is a problem in the implementation of light-like Wegner-
Wilson loops in Euclidean lattices. This problem is cured
if one formulates the theory on the light front. In light
cone (LC) coordinates, the lightlike Wegner-Wilson loops
are stretched along the coordinate axes and are easy to im-
plement.
A lattice approach to LC QCD turns out to be problematic.
Attempts to combine the method of discretized LC quanti-
zation with a transversal lattice [3, 4] do not have a con-
tinuum limit. Also, the Monte Carlo sampling of the Eu-
clidean path integral, does not apply to the LC framework,
because the Euclidean LC action has complex parts. There-
fore the integrand of the path integral is not positive definite
and can not be interpreted as a probability density. Simi-
lar problems are known for QCD at finite baryonic density
which is often referred to as the sign problem. So far, a
convenient solution has not been found. In the Hamilto-
nian formulation one is faced with the problem, that the
LC Hamiltonian is extremely non-local due to the resolu-
tion of a constraint equation. This non-locality yields bad
numerical convergence.
We propose to circumvent the problem of the inversion of
a constraint equation and therefore the problem of non-
locality of the Hamiltonian by using near light cone (NLC)
coordinates [5, 6]
x+ =
1√
2
[(
1 +
η2
2
)
x0 +
(
1− η
2
2
)
x3
]
x− =
1√
2
[
x0 − x3] (1)
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which interpolate smoothly between equal time theories
and the LC by varying η. Here x0 and x3 denote the or-
dinary Minkowski time and longitudinal coordinate. The
transversal coordinates remain unchanged. Using the NLC
Hamiltonian, the basic idea is to construct the ground state
wavefunctional of NLC lattice gauge theory for fixed dis-
tance η to the LC. This wave functional can be used to mea-
sure expectation values of Wegner-Wilson loops close to
the LC. The corresponding expectation values on the LC
are obtained via a limiting procedure.
In our work [7], we perform a first exploratory investiga-
tion of the NLC QCD lattice Hamiltonian and its ground
state. We start from the lattice NLC Lagrangean, i.e. we
write the Lagrangean in terms of link variables, the lat-
tice analog of the gauge field. The lattice Lagrangean is
constructed in such a way that we recover the continuum
NLC Lagrangean in the limit of a vanishing lattice con-
stant. We extract the lattice NLC Hamiltonian from the
transfer matrix in analogy to the Creutz procedure [8] for
equal time theories. We solve analytically the stationary
lattice Schro¨dinger equation for the ground state in the
strong and weak coupling limit. These two extremal so-
lutions motivate a simple two parameter gaussian wave-
functional for the ground state valid in the whole coupling
range. This gaussian wavefunctional is optimized for its
parameters with respect to the energy expectation value by
the Ritz variational principle. The analytical results for the
ground state energy in the strong and weak coupling limit
are nicely reproduced by the variational solution show-
ing that the trial wavefunctional effectively describes the
ground state.
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Spatially constant Yang-Mills fields [1] are expected to
play an important role in the infrared region of QCD. The
low energy spectrum of SU(2) Yang-Mills quantum mech-
nics of spatially constant fields has been first obtained by
[2] using the variational approach based on gauge invari-
ant trial states. To obtain sufficiently accurate values also
for other charateristics of the corresponding eigenstates we
consider here the symmetric gauge [3]
Aai (q, S) = Oak (q)Ski , (1)
with the orthogonal matrix O(q), parametrized by the
three gauge angles qi, and the positive definite, symmet-
ric 3 × 3 physical matrix S. Restricting to the case of
non-coinciding eigenvalues 0 < φ1 < φ2 < φ3 (principle
orbits) of S, and performing the principal-axes transforma-
tion
S = R(α, β, γ) diag (φ1, φ2, φ3) RT (α, β, γ) , (2)
we obtain the physical Hamiltonian (in a box of size=a)
H =
1
2
3∑
cyclic
[
− ∂
2
∂φ2i
− 2
φ2i − φ2j
(
φi
∂
∂φi
− φj ∂
∂φj
)
+ξ2i
φ2j + φ
2
k
(φ2j − φ2k)2
+
g2
a3
φ2jφ
2
k
]
, (3)
with the intrinsic angular momenta ξi along the principal
axes. The wavefunctions Ψ are normalised as
∫
dα sinβdβdγ
∫
0<φ1<φ2<φ3
dφ1dφ2dφ3
3∏
cyclic
(
φ2j − φ2k
) |Ψ|2 = 1 .
(4)
In [4] all eigenstates of the corresponding harmonic oscil-
lator problem (replacing in (3) g2φ2jφ
2
k by ω
2φ2i ) up to 30
nodes are calculated analytically and used as trial states for
the above Yang-Mills problem (3). The obtained energy
spectrum for the lowest 0+ and 2+ states is obtained with
high accuracy (see Fig. 1) in an very effective way and
in agreement with the result of [2]. Furthermore the ex-
pectation values of of the fields φi and Bi = gφjφk (i,j,k
cyclic) are calculated and plotted in Fig. 2 and Fig. 3 repec-
tively for both spin-0 (•) and spin-2 (◦). We find that prac-
tically all excitation energy, independently of whether vi-
brational or spin excitation, goes into an increasing 〈φ3〉
whereas 〈φ1〉 and 〈φ2〉 as well as 〈B3〉 remain practically
unchanged at their vacuum values. In all three figures the
numerical errors are inside the lines/symbols.
∗H.P.Pavel@theory.gsi.de
Figure 1: The lowest 0+ and 2+ energy levels.
Figure 2: 〈φi〉 vs energy for the 0+ (•) and 2+ (◦) states.
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Self-Similarity Approach in Relativistic Nuclear Physics 
A. A. Baldin, E. G. Baldina 
 Joint Institute for Nuclear Research, Dubna, Russia
The basics of the self-similarity approach in relativ-
istic nuclear physics are presented. The general func-
tional self-similar solution describing interaction of 
relativistic nuclei is obtained.  
Self-Similarity  
Self-similarity is a special symmetry of solutions, 
where a change in scales of independent variables can be 
compensated by a self-similarity transformation of other 
dynamical variables. General steps towards a self-similar 
solution are: 
(i) Determination of the space of parameters of the 
problem; 
(ii) Finding/guessing the symmetry of this space, de-
termination of invariants of this space; 
(iii) Writing physical laws/dependences as correlations 
between these invariants (we assume analytical character 
of physical laws); 
(iv) Using additional principles, such as the correlation 
depletion principle, intermediate asymptotic, etc., depend-
ing on a particular problem analyzed. 
Figure 1. Antimatter production. 
Bjorken Variable - Dimensional Self-Similarity  
The classical Bjorken x variable is easily obtained from 
self-similarity considerations. 
Consider the electron-proton interaction under the con-
dition 22 MP >> , i.e. in the ultrarelativistic limit [1]. 
The 4-momentum conservation is written as: 
∑+=+ ''121 iPPxPP   (1) 
where subscript "1" denotes the electron, subscript "2" the 
proton, and prime marks quantities attributed to particles 
after the interaction. Rearranging Eq. (1) and raising it to 
the second power, we obtain 
( ) ( )22121 '' ∑=−+ iPPxPP ,  (2) 
or, using the notation '11 PPq −= , 
( ) ( )222 '∑=+ iPxPq   (3) 
Neglecting cross products in the right-hand side of (3) due 
to the correlation depletion principle, we obtain 
22
2
2
2
2 2 MPxqxPq =++ ,   (4) 
where 2M  is the squared mass of all produced particles. 
By neglecting masses in the limit 22 MP >> , we obtain 
qPqx 2
2 2−= .    (5) 
General Self-Similar Solution for Nucleus-
Nucleus Collisions - Functional Self-Similarity  
A general self-similar solution [2, 3] including the 
Bjorken solution as a particular case, is obtained as fol-
lows. 
We consider two interacting nuclei and assume that 
fractions X1 and X2 of masses (or fractions of momenta) 
of these nuclei participate in the interaction. The 4-
momentum conservation is written as: 
∑+++=+ ''' 3212211 iPPPPPXPX   (6) 
Here, P3 is the 4-momentum of the particle of interest 
produced in the reaction (note that conservation of quan-
tum numbers should be taken into account explicitly by 
addition of corresponding terms to the right-hand side of 
Eq. (6)). 
Again, we neglect terms of relative motion of produced 
particles and masses of all particles not registered, and 
seek the self-similar solution in the form 
( ) ( ) ( )Π= fAAC
dp
dE XX 21 2113
3
αασ   (7) 
where ( )2112212221 221 γXXXX ++=Π . 
The fractions X1 and X2 are found by minimization of Π. 
( ) ( ) ( )21312131113
3
exp21 CAAC
dp
dE XX Π−= ++σ   (8) 
This self-similar solution describes quantitatively a 
wide variety of experimental data on cumulative, twice 
cumulative particle production, and antimatter production 
[4-6] (Fig. 1). 
Thus, even small mass difference essentially influences 
reaction mechanisms, and the assumption 22 MP >>  is 
not valid even for very high momenta.  
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Synthetic-diamond detectors for charged-particle beams dosimetry 
B. Voss*, M. RĊbisz , A. Heinz 
GSI, Darmstadt, Germany.
Introduction  
Hadron cancer-therapy with high-energetic heavy-ions 
(HI) as available at the SIS facility at GSI Darmstadt [1] 
as well as the research with beams stopped in biological 
material as realized at the UNILAC at GSI in general re-
quire the precise knowledge of beam conditions and its 
composition as well as the applied dose within less than 
1% in most cases. At these sites beam preparation, its 
application and the validation of the dose is controlled 
and steered online by sets of detectors with gaseous active 
media or solid state detectors with electrons and ions gen-
erated in the active detector volume or emerging from it 
or by scintillating screens which emit light recorded by 
cameras or similar devices. Online dose determination is 
done by small-volume ionization chambers placed in wa-
ter- or solid-material phantoms as well as offline with 
radiographic films or nuclear track detectors measuring 
the (optical) density of the tracks generated by the travers-
ing particles. All systems show strong non-linear behav-
iour as a function of the dose or dose rate. They also suf-
fer from a limited dynamic range, saturation and a limited 
resolution in time and space and are subject of saturation, 
generation of background or show a threshold behaviour 
ignoring signals below a certain limit. Thus they involve a 
considerably large amount of corrections and calibrations 
which are usually done during time consuming quality 
checks before the irradiations. It is the aim of our work to 
gain efficiency by unambiguously counting the number of 
particles impinging on a certain area online with an accu-
racy of 1% instead of using integration methods. 
Material and measurements 
We present investigations on the performance of beam-
monitors based on single-crystal diamond produced by 
chemical vapour deposition (scCVD) operated as single-
particle counters. The size of the diamond sample was 
3.95 × 3.95 mm2, its thickness 483 μm. We applied 
Ti (20 nm) / Pl (30 nm) / Au (100 nm) electrodes of 3 mm 
diameter in parallel-plate geometry. 
Experiments have been performed with high-energy 
carbon beams (88-430 MeV/u) as well as with low-energy 
(11.4 MeV/u) heavy charged-particles from 12C up to 
238U. At the therapy facility the dose is delivered dynami-
cally point-by-point, with overlapping positions leading to 
homogeneously irradiated volumes scanning an area of 
9 cm2. At the UNILAC the ions were stopped in a few 
micrometers of the detector material. Here an area with a 
diameter of 45 mm was homogenously irradiated in a 
fixed-field mode. The particle fluences used varied be-
tween 104 up to 109 particles/cm2/second. In both energy 
regimes high-bandwidth electronics have been used to 
count the number of impinging particles. In order to proc-
ess the signals obtained from the diamond detectors, an 
electronic based on a discrete high-bandwidth amplifier 
(DBA) [2] and alternatively a specially designed ASIC 
[3] was used. 
Results
The counting efficiency has been measured to be 100 % 
with an error of 7 % for therapeutic carbon ions as shown 
in fig. 1 as an example as well as for low energetic ions.  
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Figure 1: Efficiency of the scCVD diamond detector for 
carbon ions with an initial energy of 399 MeV/u. The 
linear fit reveals a counting efficiency of 100 ± 7 %. The 
error is mainly introduced by the calibration procedure. 
Conclusions
 Using scCVD diamond for the online-counting has 
been proven to increase the sensitivity and efficiency as 
compared to poly-crystalline material which we used in 
former experiments [4], where we reported a counting 
efficiency of up to 95 % for 12C ions with an initial energy 
of 88 MeV/u under therapy conditions. However, the ac-
curacy of these measurements has still to be improved in 
order to cope with the needs of medical devices. 
For high intensities of high-energy beams the output 
pulse width should be in the nanosecond range. Using 
high-quality scCVD material this may be achieved with 
detector thicknesses below 100 μm. Another possibility 
could be single-crystal like ‘sc*’CVD material with 
slightly worse charge collection efficiency still preserving 
a good S/N ratio.  
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Development of Single-Crystal CVD-Diamond Detectors* 
M. Pomorski1, E. Berdermann1, W. de Boer2, A. Caragheorgheopol3, M. Ciobanu1, B. Lommel1, A. 
Martemiyanov1, M.Traeger1 for the NoRHDia Collaboration and H. Weick1 for the FRS Group  
1GSI, Darmstadt, Germany; 2University of Karlsruhe, Germany; 3IFIN-HH Bucharest, Romania
SIS Beam Tests  
Single-Crystal CVD-Diamond Detectors (SC-DD) of ~ 
300μm thickness have been tested in Cave A with proton 
beams of Ep > 1AGeV as start detectors for minimum 
ionizing particles. Fast charge-sensitive amplifiers devel-
oped at GSI and Bucharest were used. At particle rates up 
to 1MHz, stable operation and detection efficiency of 
~100% are observed. The measured time resolution of 
σ  ≥ 330ps is not satisfying. The next step will be the test 
of ‘sandwich’ detectors providing shorter rise time at 
higher S/N ratio. 
In FRS [1] experiments, the energy-loss (ΔE) and the 
Z-resolution of three SC-DD of 400μm thickness, a size 
of 4x4mm2 and an active area of 3mm in diameter were 
measured using 132Xe projectiles of different energies: 
334 AMeV, 740 AMeV and 1.2 AGeV, respectively. The 
fragments produced on a 9Be target of 4g/cm2 were identi-
fied via Bρ, ToF measured with lucite scintillators be-
tween S2 and S4, and ΔE into two MUSIC detectors 
placed at S4 in front and behind the diamonds.  
Even for the primary xenon beams the beam spot onto 
the diamonds was larger than the size of the active detec-
tor area. Due to ‘boarder’ events of different timing and 
shape, low-energetic tails appear in the raw energy spec-
tra. However, for all three projectile energies the prelimi-
nary online data analysis shows an unexpected good ΔE/E 
resolution of 1%-2%, which is comparable to the resolu-
tion of the ionization chambers. In fragmentation spectra 
(Fig. 1) all particles are clearly identified with a ΔZ/Z ≤ 1. 
Figure 1: Fragmentation spectrum (raw data, centred on 
Cd11248 ) measured with a SC-DD of 400μm thickness.  
Absence of pulse-height defects is indicated, found to 
affect significantly the performance of silicon detectors 
used for comparison in the same experiment.  
Independent of the applied electric field ED, the 
132Xe-
induced transient current signals recorded without ampli-
fication with a 1 GHz DSO, show a bandwidth limited 
uniform rise time of ~ 550ps. At operation bias, the 
FWHM of the signals is below 3 ns, whereas the decay  
time of ~ 6ns is longer than in measurements with α-
particles. This signal shape is typical for space charge 
limited transport in modified internal fields.  
First Tests of Heavily Irradiated SC-DD [2] 
Different dose of 26 MeV protons has been applied on 
SC samples at Karlsruhe’s cyclotron: 6.4*1013 pcm-2 on 
BDS14, 6.1*1014 pcm-2 on EBS3 and 1.2*1016 pcm-2 on 
BDS13, respectively. Note that all SC-DD tested were 
pre-irradiated with unknown heavy ion fluencies. 
In contrast to damaged silicon sensors, significant sup-
pression of the leakage current occurs in the case of SC-
DD. Figure 2 shows 241Am-α-induced Transient Current 
(TC) signals in BDS14 and EBS3 before (dashed lines) 
and after (solid lines) irradiation. For both types of drift-
ing charge carriers, exponential signal decay proportional 
to the amount of created defects is obtained. Amplitudes, 
rise time and drift velocity remain almost unchanged, 
suggesting thus the creation of neutral defects. 
Figure 2: TC signals of SC-DD before (dashed lines) and 
after (solid lines) heavy p26MeV  irradiation.  
Phenomena known from Poly-Crystalline Diamond De-
tectors (PC-DD) were observed in SC-DD after irradia-
tion: Polarization, stated by the progressive decrease of 
stopped particles amplitudes, and priming, indicated by 
the recovery of the charge-collection efficiency back to 
nearly 100% by filling of traps with traversing 90Sr elec-
trons. After ~ 1016pcm-2 however, electrons of Eß > 1MeV 
are detected with ~ 96% efficiency and most probable 
value of 2200e-. Concluding: The dominating Coulomb 
force at Ep << 100MeV, i.e. only a factor 6/14 lower for 
C126  than for Si
28
14 , limits the high radiation resistance 
measured at higher energies for PC-DD [3]. In this energy 
range of large inelastic cross-section and heavier nuclear 
fragments in case of Si2814 , SC-DD are expected to be at 
least one order of magnitude harder than silicon detectors.  
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Infrared spectroscopy of chromium film growth on single-crystal diamond∗
R. Lovrincic and A. Pucci
Kirchhoff Institut fu¨r Physik, Universita¨t Heidelberg, Germany
Single crystal diamonds are very favourable as detector
material for several reasons [1]. Exact knowledge about the
crystal surface is essential in order to control the electronic
properties of the diamond. Another decesive and so far
non-standardised step towards satisfying detector perfor-
mance is the fabrication of electrodes. Therefore we study
as first part of our research regarding the metal-diamond
interface the growth of chromium as contact material on
diamond.
The free electron response of a metal can be well de-
scribed with the Drude dielectric function
 = ∞ −
ω2p
ω(ω + iωτ )
, (1)
where ωτ is the relaxation rate of the free electrons, ωp the
plasmafrequency, and ∞ describes the background polar-
izability. The approximations underlying the Drude model
are valid for energies well below the interband transitions.
For chromium, this limit is at about 1500cm−1 [2]. The
real dielectric function and hence the real conductivity of
thin films is strongly influenced by their morphology and
crystalline structure. This is taken into account by adding
a thickness dependent relaxation rate ωτs(d) to the bulk
rate. In order to describe the measured data satisfactorily,
we also have to consider the thickness dependence of the
plasma frequency.
The in-situ experiments were performed in an ultra-high
vacuum chamber that is connected to a Fourier-transform
infrared spectrometer and an IR-detector. The pressure dur-
ing Cr deposition was 2 · 10−10mbar. The diamond sub-
strate had been cleaned by using a 240◦C hot mixture of
H2SO4 and KNO3, subsequent rinsing in pure water, and
heating to about 250◦C in UHV for several hours to remove
residual hydrocarbons. Chromium was deposited by ther-
mal evaporation at a rate of about 0.07nm/min. The deposi-
ton rate was calibrated with a quartz micro balance. The
substrate was kept at room temperature. The IR-spectra
measured during evaporation are normalized to a reference
spectrum taken before Cr deposition.
Figure 1 shows the change of relative transmittance dur-
ing the growth of Cr on C(100). The transmission stays
frequency independent up to a thickness of about 2.4nm,
a behaviour well known for amourphous layers [3]. Be-
yond this point, the decrease in transmission is stronger for
smaller wavenumbers indicating metallic behaviour. Based
on equation (1) we fitted the measured spectra with ωτs(d)
and β as ratio of the film plasma frequency to the bulk one
derived from the data in [2]. Figure 2 shows these two pa-
rameters versus film thickness. For d < 2.4nm the film
∗Work supported by EU, project RII3-CT-2004-506078
Figure 1: Transmittance change with average Cr thickness
d on C(100) for the 5 wavenumbers as given. Deposition
starts at 0 nm and ends at 9.7 nm.
can not be regarded as a Drude-type metal since both pa-
rameters take too high values, similar to results for Pb on
Si(111)-7x7 [3]. But for d > 2.4nm, the model describes
the data very well and provides reasonable values. As the
film becomes thicker β approaches one within measure-
ment errors. However, also at the highest thickness, ωτs
still gives a total relaxation rate three times bigger than the
bulk value from [2]. This indicates a defect rich film with
a clearly lower electronic conductivity than bulk Cr.
Figure 2: Deviation ωτs from bulk relaxation rate at 300
K and ratio β of film to bulk plasmy frequency versus Cr
thickness
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Metallic Uranium Targets 
Birgit Kindler, Willi Hartmann, Annett Hübner, Jutta Steiner, Bettina Lommel 
GSI, Darmstadt, Germany.
In 2004 we reported on a new evaporation set up for 
uranium-compound targets, basically UF4, for heavy-ion 
experiments [1]. Since for most experiments in nuclear 
physics and chemistry targets from metallic uranium 
would be preferred because side reactions are minimized, 
we upgraded our high-vacuum coater TF 600© from BOC 
Edwards© with a magnetron sputtering equipment which 
is suitable for deposition of metallic uranium as well as 
for uranium oxide or carbide as a possible alternative.  
In Fig. 1 the interior of the vacuum chamber is shown 
with the magnetron source and the shutter and the rotating 
target wheel sitting above. On the left side the gas inlet is 
situated.  
The purchase of a sputter target from metallic uranium 
with the required properties proved to be very difficult. 
After more than a year of world wide search we finally 
were successful to get suitable material with a content of 
235U less than 0.2 %, which was a requirement of the GSI-
safety department, from Material Manufacturing Sciences 
Corporation, Oak Ridge, TN, USA. The starting material 
was processed in high vacuum and the oxygen content 
remaining in the metal was specified to be less than 25 
ppm. The sputtering source was a disk of 1 inch in diame-
ter with a thickness of 3 mm, which corresponds to about 
30 g of uranium. 
 
 
 
Figure 1: Interior of the vacuum chamber: Magnetron 
source, shutter, target wheel and gas inlet are shown. 
 
The targets we produced for the SHIP experiment were 
deposited on 35 µg/cm² carbon backings that were heated 
to about 200 °C in a separate process by means of a 
quartz lamp. We experienced that such a heat treatment of 
the carbon backings improves the survival rate of the tar-
gets in the following deposition process significantly and 
also enhances their durability under heavy ion bombard-
ment. Those pre-heated backings were then mounted on 
the target wheel inside the vacuum chamber and a layer of 
about 300 µg/cm² of metallic uranium was deposited with 
magnetron sputtering and pure argon as a sputtering gas. 
Without breaking vacuum an additional carbon layer of 
10 µg/cm² is applied as a protection against oxidation and 
to reduce sputtering processes during evaporation. 
The deposition of the additional carbon covering layer 
proofed to be essential for the stability of the uranium 
layers against oxidation. Breaking vacuum before the 
application of the covering or an oxygen contamination of 
the argon gas leads to a continuously alteration of the 
uranium layer, as can be seen in Fig.2.  
 
 
 
Fig. 2: Sandwich targets with C / U /C on frames used 
in experiments at SHIP; (a) Sputtering and deposition of 
cover layer without breaking vacuum; (b) venting of 
chamber to argon between sputtering and deposition of 
cover layer; (c) preparation the same way as (a) but just 
after changing the argon bottle. 
 
The targets produced with this process performed ex-
cellent in various beam times of SHIP [2, 3]. They 
showed a high durability without noticeable material loss 
or deterioration.  
For the TASCA set up targets of metallic uranium were 
sputtered on various backings with and without covering 
layer to test the durability of the different target-backing 
combinations under varying experimental conditions 
[4,5]. The evaluation of the results is still in progress.  
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Radioactive Targets for TASCA  
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The main components of the TransActinide Separator 
and Chemistry Apparatus TASCA are already installed 
and the separator is now in the commissioning phase. A 
first beam time took place in April 2006 and further 
commissioning experiments were performed in May and 
November 2006. An overview of the current status is 
given in separate contributions [1,2]. 
For the beam time in May a number of different target 
materials have been applied, among them a set of natGd-
targets produced by Molecular Plating at UMZ on a 5 µm 
Ti-backing foil. The targets withstood a 1.43 µApart Cr7+-
beam without damage although the use of a relatively 
thick Ti-backing resulted in an increased background sig-
nal. One main goal of the experiment in November was 
the test of different 238U-targets with an intense 40Ar10+-
beam. Two target wheels have been irradiated – TN4 and 
TN8 – both consisting of three different kinds of targets.  
All targets have been delivered by the GSI target labora-
tory. Here, the U-layer of about 500 µg/cm2 has been pro-
duced by sputtering of depleted uranium in its metallic 
form with an 235U content less than 0.2% [3]. Here, C and 
Ti, respectively, have been used as a backing material. In 
some cases the U-layer has been covered with a thin C 
layer in order to prevent losses of the target material dur-
ing irradiation with the 40Ar10+-beam. After a certain beam 
integral was applied, the targets have been inspected to 
check for damage. Target wheel TN4 has first been irradi-
ated for a total of about one hour with increasing beam 
intensity up to 2 µApart. The target segments showed se-
vere damage with holes and cracks. TN4 was then re-
placed by TN8 which was irradiated for about 1.5 hours 
with increasing beam intensities up to 1 µApart. Figure 1 
shows TN8 before and after irradiation, respectively. Af-
ter irradiation segment 1 (C-backing/C cover) showed a 
visible hole, whereas segments 2 and 3 (Ti-backing) re-
mained mechanically stable but show intense colour 
changes in the central part (see fig.1).  
In order to check for material losses and homogeneity, 
the targets with Ti-backing are currently inspected by ra-
diographic imaging using a FLA 7000 Imager from FUJI-
FILM Corporation. Figure 2 shows a radiographic image 
of target segment #3 from target wheel TN8 with a U-
content of 491µg/cm2. Here, light grey areas correspond 
to the initial deposited and uniformly distributed U-layer. 
The dark grey area in the center part indicates the 40Ar10+-
beam track. Here, the higher activity origins from an acti-
vation of the Ti-backing and the U target material by the 
beam. Information about material losses due to the inter-
action with the beam is not yet available. Thus, work is 
currently in progress at GSI to produce U-samples as a 
calibration standard for quantitative measurements of 
target thicknesses using radiographic imaging. The targets 
are further inspected by α-particle counting of the U-layer 
in order to check for material losses. Furthermore, the 
targets will be inspected by electron beam diagnostics.  
 
  
 
Figure 1:  Target TN8 before (left) and after irradiation 
(right) with a 40Ar10+-beam of 1 µApart maximum intensity. 
 
Figure 2: Radiographic image of target segment # 3 from 
target wheel TN 8. See text for details. 
 
At UMZ work is currently under way to find optimum 
conditions for the deposition of 244Pu (up to 500 µg/cm2) 
on 2 µm thin Ti backing foils by Molecular Plating from 
isobutanolic solution. 244Pu is of special interest as a tar-
get material for chemical investigations of the heaviest 
elements, since relatively long lived isotopes of Rf  to Hs 
- with half-lives in the order of a few seconds - can be 
produced in the bombardment of a 244Pu-target with 
beams ranging from 22Ne up to 30Si. 244Pu is also the op-
timum target for production of Z=114 with a 48Ca beam. 
References 
[1] A. Semchenkov et al., contribution to this report 
[2] Ch. E. Düllmann et al., contribution to this report 
[3]   B. Kindler et al., contribution to this report  
 
See also http://www.gsi.de/TASCA   
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Study of Ion Beam Induced Thermal Stress in Solid Graphite Target for
Super-FRS Fast Extraction Scheme∗
N.A. Tahir, GSI, Darmstadt, Germany
A.R. Piriz, J.J. Lopez Cela, UCLM, Ciudad Real, Spain
V. Sultanov, A. Matveichev, A. Shutov, V. Kim, A. Ostrik, I.V. Lomonosov, IPCP, Chernogolovka, Russia
D.H.H. Hoffmann, GSI and TU Darmstadt, Germany
Previously [Tahir et al., J. Phys. D: Appl. Phys. 38
(2005) 1828], 2D numerical simulations of heating of a
solid graphite target by a uranium beam over an intensity
range of 1010 - 1012 ions per bunch, have been presented.
These simulations have been carried out using the com-
puter code BIG-2 [Fortov et al., Nucl. Sci. Eng. 123 (1996)
169]. It has been found that the target will survive sublima-
tion or break up due to thermal stress (static yield strength
of graphite is 40 MPa) for an intensity of 1010 ions per
bunch with an extended beam spot having σx = 1.0 mm
and σy = 6.0 mm, the standard deviation of the Gaussian
particle distribution in X- and Y-direction respectively (see
Table 1).
Table 1: U ions, N = 1010, σx = 1.0 mm, initial T = 300 K
σy(mm) E(kJ/g) T (K) P (GPa)
2.0 0.233 471 1.25x10−1
6.0 0.08 356 4.2x10−2
12.0 0.04 327 2.0x10−2
It is seen that in case of σy = 2 mm, 233 kJ/g specific
energy is deposited in the target that leads to a temperature
increase of 171 K and a thermal pressure of 125 MPa. AN-
SYS code, on the other hand, predicts a similar rise in the
temperature, but shows a much lower stress of 7 MPa for
the same amount of input energy. This difference is due
to the fact that in Super-FRS fast extraction scheme, the
bunch length is 50 ns which means that the energy is de-
posited instantaneously. In such a short time, there is no
heat conduction nor there is any material movement due to
thermal expansion. Therefore the entire energy is stored as
internal energy of the target that appears as thermal pres-
sure (pressure is energy per unit volume). This situation
is fully described by the code BIG-2. Thermal pressure in
the code is evaluated using the SESAME equation-of-state
(EOS).
However, on time scale of several hundred micro sec af-
ter the irradiation, heat conduction becomes effective and
thermal expansion takes place that lead to a reduction in
temperature and pressure until a steady state is reached.
It only provides information about the elastic tensions and
∗This work was supported by the BMBF and RFBR grant No: 06-02-
04011-NNIOa, Russia
can not treat the initial transient phase of target heating be-
cause it does not have the EOS model. The BIG-2 code,
on the other hand, does not have a model of elasticity and
therefore can not provide information about the thermal
stress.
In order to have a complete picture of the problem,
we have used a three-dimensional computer code that in-
cludes the SESAME EOS model and elastic effects using
an ideal elasticity model that means Hook’s law comple-
mented with yield criterion. In Figures 1 and 2 we plot the
thermal pressure and the deviatoric part at different times
respectively. These figures show how the thermal pressure
is converted to elastic modes.
-5
 0
 5
 10
 15
 20
 25
 30
 35
 40
-60 -40 -20  0  20  40  60
Th
er
m
al
 P
re
ss
ur
e 
(M
Pa
)
X-Coordinate (mm)
50 ns
1e3 ns
1e4 ns
1e5 ns
Figure 1: Thermal pressure at different times.
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Figure 2: Deviatoric part of pressure at different times.
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Three-Dimensional Numerical Simulations of a Windowless Liquid Jet
Lithium Target for the Super-FRS Fast Extraction Scheme∗
N.A. Tahir, GSI, Darmstadt, Germany
V. Kim, I.V. Lomonosov, IPCP, Chernogolovka, Russia
D.H.H. Hoffmann, GSI and TU Darmstadt, Germany
A.R. Piriz, UCLM, Ciudad Real, Spain
We consider a plane slab of liquid Li that is 7 cm long,
5 cm high, 1 cm thick and the beam is directed along the
target length (Z-axis). The beam consists of 1012 1 GeV/u
uranium ions that are delivered in a single bunch, 50 ns
long. The beam focal spot has an elliptic shape with a
Gaussian power profile in the radial direction. The stan-
dard deviation in X and Y directions, namely, σx = 2 mm
and σy = 12 mm, respectively.
We have carried out numerical simulations of target heat-
ing using a three-dimensional computer code that is based
on an individual particle in cell method. This code consid-
ers three-dimensional energy deposition by the projectile
particles using a full particle tracking scheme. The physi-
cal conditions of the target are treated using a semiempiri-
cal (SE) equation of state (EOS) model that includes all the
experimental data available to date. Especially, it accounts
for novel high pressure experimental data and provides for
more correct description of the melting region and the liq-
uid state of Li, which is not treated so accurately in the
SESAME EOS data.
The maximum temperature in the target is 950 K which
is safely below the boiling temperature of Li (1643 K).
The target will therefore remain in the liquid state that will
avoid introduction of Li vapor into the beam line. The
corresponding maximum pressure is of the order of 0.85
GPa will generate compression waves in transverse direc-
tion (along X and Y directions). Figure 1 shows pressure
profiles along X-axis at different times after irradiation.
Reflection of the pressure waves between the target center
and the X-boundary is clearly seen. The maximum pres-
sure that is delivered at the boundary is about 0.8 GPa that
continuously decreases in subsequent reflections. Figure
2 shows pressure vs Y-coordinate at different times. It is
seen that a maximum pressure of about 0.25 GPa is im-
parted on the boundary at 3000 ns. This is lower than the
yield strength of stainless steel which means that the nozzle
will survive the impact of the pressure wave.
We also did simulations using the SESAME EOS. The
results are shown in Figure 6 where we present three-
dimensional pressure distribution at t = 2000 ns. It is seen
that in this case, one achieves negative pressures in the liq-
uid target, which is in a state of thermodynamic equilib-
rium. Obviously, this is an artefact of the SESAME.
(please contact: n.tahir@gsi.de).
∗This work was supported by the BMBF and RFBR grant No: 06-02-
04011-NNIOa, Russia
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Figure 1: Pressure vs X-coordinate at different times using
semi-empirical EOS data.
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Figure 3: Target pressure at t = 2000 ns using the SESAME
EOS data, strong negative pressures, an artefact of the EOS
model.
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PHITS simulations of radiation damage in the Super-FRS graphite target  
M. Tomut1,2,*, H. Iwase1, A. Kelic1, R. Neumann1, K. Sümmerer1 and C. Trautmann1 
1GSI, Darmstadt, Germany; 2INFIM, Bucharest, Romania.
The FAIR Super-Fragment-Separator (Super-FRS) fa-
cility will use a rotating graphite production target in the 
slow as well as in the fast extraction mode (for low-Z 
projectiles and intensities). A fine-grained isotropic 
graphite grade has been chosen due to its resistance to the 
thermal stress induced by high-power particle beams. 
Calculations based on properties of non-irradiated mate-
rial show that it is possible for graphite to withstand en-
ergy densities of up to a few hundred J/g, but irradiation-
induced changes of the thermophysical and mechanical 
properties may lower this value considerably. In addition, 
long-term radiation-induced effects have to be investi-
gated in order to predict the lifetime of a target wheel. 
Systematic information about radiation damage in ma-
terials is mostly available from neutron-irradiation ex-
periments. In order to predict heavy-ion induced damage, 
we assume that the number of "displacements per atom 
(dpa)" is a proper scaling variable. 
Dpa calculations 
Dpa-values resulting from irradiating the Super-FRS 
graphite target with heavy ions have been calculated us-
ing the transport code PHITS [1]. A simple cylindrical- 
geometry model has been chosen for the target. A Gaus-
sian-shaped beam with sizes of σx = 1mm and σy = 2mm 
impinges on one side of the cylinder. The fluence has 
been calculated by assuming an annual dose of 107 pulses 
from SIS100 with intensities of 1012 ions/pulse, extraction 
times of 1 s and a rotating frequency of the target wheel 
of 1 Hz. The resulting particle fluence per year is about 
1017 ions/cm2. Calculations have been made for 40Ar, 
136Xe and 238U ions of 1 A GeV energy. The 2D distribu-
tion of dpa in the cross-section of the cylindrical graphite 
target, at its exit end, is shown in Fig. 1 for 136Xe and 238U 
ions. For the 238U beam, the highest value of dpa/year is 
4x10-3, which is well below the value of 1dpa correspond-
ing to a safe operation time of the Paul Scherrer Institute 
graphite target E, exposed to a fluence of 1022 p/cm2 of a 
590 MeV proton beam. 
The above calculations take into account only nuclear 
stopping of the heavy ions. The effects resulting from 
electronic energy loss may have to be considered as well, 
but it’s not easy to quantify the number of defects created 
by the electronic excitation of the target atoms. For 1 A 
GeV 238U ions impinging on the graphite target, the elec-
tronic linear energy transfer Se amounts to 4 keVnm-1, 
which is below the range of continuous track formation in 
highly oriented pyrolitic graphite [2]. In addition, defect 
clustering, which is a typical effect induced by heavy 
ions, takes place and may influence the thermal defect 
annealing significantly. The aspect of defect accumulation 
at large fluences needs to be addressed. 
 
 
Figure 1: 2D distribution of dpa per incident ion at the 
exit of a cylindrical graphite target for: (a) 1 A GeV 136Xe 
on a 6 g/cm2 thick target (b) 1 A GeV 238U on a 4 g/cm2 
thick  target. The calculated dpa values were multiplied by 
1024. 
H and He production 
PHITS has also been applied to evaluate the amount of 
H and He gas produced in nuclear reactions in the target. 
H and He production has been estimated to be 50 
appm/year and 5 appm/year, respectively. H is believed to 
diffuse out. Due to the high enthalpy of solution, He can 
reach high concentrations in solids and has the tendency 
to accumulate in bubbles between crystalline planes and 
at grain boundaries. This leads to additional dimensional 
swelling along the hexagonal axis of the graphite crystal-
lites, to embrittlement and it will also contribute to fa-
tigue. The heating of the target wheel by the primary 
beam up to temperatures of 1000 K could enhance the 
release of He, due to the increased He atom mobility 
along the basal planes.  
References 
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Optimization of ion-beam profile with respect to stability
of the liquid-Li target for Super-FRS
An. Tauschwitz1, J.A. Maruhn1, V.P. Efremov2, H. Weick3, and M. Winkler3
1University of Frankfurt am Main, Germany; 2IHED, Moscow, Russia; 3GSI, Darmstadt, Germany
At FAIR intense energetic beams of uranium will be
available for experiments at Super-FRS. A small focus spot
of the uranium beam is crucial to ensure the resolution of
the isotopes and the transmission of the secondary beam.
It is necessary to investigate the stability of the production
target after the energy deposition by intense ion beams to
define the beam focusing limit. A liquid lithium jet is con-
sidered as a possible target configuration for the Super-FRS
[1]. To predict the integrity of the target after ion beam
heating, the hydrodynamic response of the target has to
be analyzed. The SIS-100 ion beam for Super-FRS will
consist of 6 × 1011 ions of U28+ at 1 GeV/u delivered
in 50-100 ns. For an ion beam deposition of about 1 kJ/g
there will be no hydrodynamic motion in the target dur-
ing the heating time. After the energy of the ion beam is
deposited, compression and expansion (rarefaction) waves
start to propagate in the target. The expanded target can be-
come unstable, if the negative (tensile) pressures exceeds
the failure stress limit. For lithium there are no data for
the failure stress available in the literature. The absolute
value of the failure stress decreases with temperature and
depends on the purity of the material. To obtain the re-
quired data for the hydrodynamic calculations the failure
stress of liquid lithium has to be measured. In the cal-
culations reported previously [2] it was assumed, that the
target remains stable until the expanded matter undergoes
spinodal decomposition. The calculations were performed
using a Gaussian radial profile of the ion beam current. It
was shown, that for σx = 2mm and σy = 4mm the en-
ergy  = 3.3 kJ/g was deposited that corresponds to a peak
temperature T = 1560K. This leads to the lowest negative
pressure P = −8.6 kbar. The situation can be improved
if a rectangular radial profile of the ion beam is consid-
ered. Figure 1 shows the energy deposition along horizon-
tal (x) and vertical (y) axis for the previously used Gaus-
sian and idealized rectangular profiles with rx = 6mm,
ry = 12mm. For the rectangular beam profile  = 0.7 kJ/g,
T = 704K. In fig. 2 the pressure distributions in the target
volume are plotted. The target center lies in the origin of
the coordinate system. The picture for t = 0.6μs shows,
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Figure 1: Specific internal energy along x and y axis after
the heating with Gaussian and rectangular ion beams.
rarefaction
Figure 2: Pressure distribution in the target heated with a
rectangular beam. The direction of the beam is the z-axis.
that the rarefaction wave starts to propagate from the edges
of the heated zone. The rarefaction wave moves along the
z-axis towards the target center due to the motion of the
heated free surface and converges on the beam axis (z).
Along x-axis the compression wave reaches the free sur-
face, consecutive an expansion wave moves inwards. The
maximum pressure P = −6.1 kbar occurs on the z-axis at
t = 2.7μs. It is seen that for the rectangular beam pro-
file lower temperature and a lower absolute value of the
negative pressure are obtained in the target. Further opti-
mizations of the radial beam profile together with ion optic
calculations have to be done. The suggested modification
of the ion beam profile should also be considered for the
carbon target.
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A Multiple-Reflection Time-of-Flight Isobar Separator* 
T. Dickel1, M. Petrick1, W.R. Plaß1, U. Czok1, H. Geissel1,2, C. Jesch1,2, C. Scheidenberger1,2 
1Justus-Liebig-Universität Giessen, Germany; 2 GSI, Darmstadt, Germany
A multiple-reflection time-of-flight mass spectrometer 
(MR-TOF-MS) developed previously [1,2] has been 
extended to work as a high-resolution mass separator 
capable of selecting individual isobars. For this purpose, a 
Bradbury-Nielsen Gate [3] has been built and installed 
behind the MR-TOF-MS (Fig. 1).  
 
Figure 1: Schematic figure of the MR-TOF-MS and the 
path of the ions in the device. The analyzer has a length of 
40 cm; the kinetic energy of the ions amounts to 1.5 keV. 
The performance of the MR-TOF-MS was 
characterized using the isobaric doublet of carbon 
monoxide and nitrogen molecular ions. A resolving power 
of 62,000 (FWHM) was obtained after 1000 turns even 
with an uncooled ion population. In the first few turns, 
about 30% of the ions are lost from the device, 
presumably because of phase space selection. In addition, 
losses due to collisions with the residual gas occur, but 
these will be avoided in the future in a differentially 
pumped system. Also, the ion source will be replaced by 
an RF trap, which will allow for the injection of 
externally created ions and for ion cooling and hence 
further improved mass spectrometer performance. In an 
initial experiment, a resolving power of about 100,000 
has been achieved by reducing the beam diameter in the 
present device from 6 mm to 4 mm (Fig. 2). This beam 
width is still significantly larger than that of ions ejected 
from an RF trap. Even after many turns, excellent peak 
shapes in terms of variance and skewness are obtained, 
fulfilling an important requirement for the resolution of 
isobars of significantly differing abundances. Depending 
on the number of detected ions, a mass accuracy of down 
to 10-7 can be expected. Thus, high-precision mass 
measurements of very short-lived nuclei with half-lives 
≥ 1 ms are in reach. The MR-TOF-MS also has the 
advantage that all isobaric nuclides corresponding to the 
same mass number can be measured simultaneously, and 
that measurements will be possible already with 10 to 100 
ions, albeit with reduced precision.  
The use of the MR-TOF-MS as isobar separator has 
been demonstrated by removing either carbon monoxide 
or nitrogen ions from the beam in the ion gate after 50 
turns (Fig. 3). The separation power achieved is thus 
about 7000 (FWHM). For a larger number of turns, the 
separation power will increase accordingly. From 
simulations it is expected that up 106 – 107 isobaric ions 
per second can be separated using the MR-TOF-MS.  
Applications of this device are envisaged in a first stage 
for direct mass measurements at SHIP/SHIPTRAP and at 
the FRS Ion-Catcher. As a high-resolution mass separator 
the MR-TOF-MS can be used at SHIPTRAP and at the 
LEB at FAIR for MATS. At SHIP/SHIPTRAP, it will help 
to remove the strong isobaric contamination for 
experiments at the proton drip-line. In addition, the device 
could also be used as separator at ISOL facilities. 
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Figure 2: Mass spectrum of the isobaric doublet of CO+ 
and N2+ obtained with the MR-TOF-MS. After 1433 
turns, a peak width of 42 ns is measured, corresponding to 
a mass resolving power (FWHM) of about 100,000.  
-0.10 -0.05 0.00 0.05 0.10 0.15
-0.03
-0.02
-0.01
0.00
CO+
 
T - TCO / μs
Si
gn
al
 / 
V
N+2
TCO = 318.9 μs 
 
Figure 3: Separation of the isobaric doublet of CO+ and 
N2+ in the ion gate. Using a deflection pulse at the gate, 
N2+ can be removed from the ion beam, transmitting only 
CO+ (thick curve). For comparison, the spectrum without 
deflection is also shown (thin curve). 
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Analysis of few-ion decays in the ESR
H.G. Essel1
1GSI, Darmstadt, Germany
In the ESR the revolution frequency of particles is mea-
sured by means of Schottky noise FFT (Fast Fourier Trans-
form). This frequency reﬂects the particle mass. If a de-
cay occurs and the mass changes, the revolution frequency
changes as well. The FFT of noise sampled in a pick-up
over a certain time interval shows the frequencies of par-
ticles in the ring. One interesting information is the exact
time of the decay signaled by the appearance of a new fre-
quency in the subsequent FFT frames. Fig.1 shows the time
Figure 1: Single shot matrix with decay.
trace matrix of one shot generated from the raw data of a
Sony/Tektronix Realtime Spectrum Analyser. It is built by
lines of FFT frames of subsequent time intervals. One can
easily see where the decay occurred.
Typically thousands of shots must be analyzed. Up to
now the time trace matrices have been analyzed manually.
To make the analysis reproducible and faster a program
Figure 2: Analysis steps and Go4 control panel.
library has been developed to determine the decay times.
The results of the manual analysis have been used as ref-
erence. The design of the software is shown in Fig. 2 as a
chain of steps, each processing the output of the previous
step.
Data storage, code and visualization are separated. The
data of all shots of a run is stored in binary container ﬁles.
The access to one shot is done by index and therefore very
fast. For more detailed analysis of single shots various
spectra are stored in ﬁles. The analysis code is written as
functions in plain C. ROOT macros are provided to con-
vert matrices and spectra from the ﬁles into ROOT his-
tograms for visualization. A control panel (Fig. 2) for
convenient handling of a standard analysis is provided in
the Go4 browser. It executes the same macros. Pictures for
printing can easily be created. Once the raw ﬁles (IQ) have
been converted into the ﬁrst container (Raw step), the full
analysis of one shot takes about 0.2 sec.
The primary data are the FFT frames where the existence
of a particle should show up as a peak. It turned out, how-
ever, that there are fake peaks and missing peaks. Therefore
one needs a ﬁlter on the quality of each FFT frame and then
rule out the fakes and ignore the absentees. In the ”no de-
cay” time region the probability to ﬁnd a peak is smaller
than in the ”decay” region, but also in the ”decay” region
there could be up to 8 subsequent missing decay peaks.
A new method was introduced to describe this situation:
the bonus system: To determine the ﬁrst valid ”real” decay
Figure 3: Account bonus mechanism.
peak which deﬁnes the decay time we must rule out fakes.
We now step through the time frames and ﬁll a conﬁdence
account spectrum, one bin per frame. A valid peak in the
time frame adds a bonus (2-10) to the account (integer),
a missing peak subtracts 1 if account > 0. Then the ac-
count is stored in the account spectrum bin. The time bin
after the last zero in the account spectrum is the decay time.
This method needs four lines of code!
The effect is that fake peaks are ignored if they are fol-
lowed by n=bonus empty bins, but at the same time missing
decay peaks are bridged. An account spectrum is shown in
Fig. 3 together with valid frame peaks. One can easily see
the mechanism (bonus 7). The proper bonus can be derived
from the distribution of empty time bins in the decay track.
The exact start of the track is not required for that!
The results of the software and the manual analysis agree
in 75% of the shots (± 3 frames).
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GSI IT-Department Activity Report
M. Mu¨nch for the GSI IT-Department1
1GSI, Darmstadt, Germany
Overview
The GSI IT-Department provides IT services and re-
sources for all research groups at GSI as well as the ad-
ministrative and infrastructure staff. This includes central
services like e-mail, central databases, printing, network
access and phone just as management and support of soft-
ware and hardware for all desktop workstations at GSI.
For the scientific community at GSI, compute power and
large on- and near-line data storage is provided. A portfo-
lio of scientific software and software engineering suites is
available. Expertise in software development and impor-
tant software packages is maintained by several R&D ac-
tivities in international software projects. Research at the
borderline of physics and computer sciences is done in the
field of GRID computing in several initiatives.
IT plays a central role in many of the GSI wide proce-
dures like project time recording, phone book, conference
management, production of large reports (FAIR Baseline
Technical Report, GSI Scientific Report) etc.
Scientific Computing
In 2006 the PANDA collaboration agreed on the use of
the “FairRoot” simulation and analysis framework. To-
gether with CBM two of the large FAIR experiments are
committed to this software package maintained by the IT
scientific computing group [4]. Collaborating with the
PAVIA group (PANDA), a new interface to the track prop-
agation package “Geane” is developed and is now part of
VMC at CERN.
The scientific computing group is taking part in sev-
eral CERN, national and international GRID initiatives [2].
On the way to fill operation of the Tier-2 center for LHC-
Computing, the GSI-GRID facilities have continually and
successfully taken part in the ALICE data challenges in
2006. In the European Grid Initiative “EGEE II”, GSI is
lead partner in “regional certification of new middle ware
release” and “user training in DE/CH region”. As part of
the German national GRID initiative “D-GRID”, GSI is
concentrating on the task to make the GRID available not
only for batch, but also for interactive processing.
Computing and Storage Resources
The Storage-Group right now manages 190 TByte of
near line storage for usage by the compute cluster. For fast
access, 16 TByte of disk cache provides a net bandwidth of
1 GByte/s for access to the data archive [3].
The Linux-Group in GSI-IT is providing compute power
for large scale simulation and data analysis computations.
Right now, about 260 number crunching nodes are avail-
able, most of them equipped with dual CPU dual core
AMD Opteron processors. These nodes have 100 TByte of
local disk space and access to central file servers providing
300 TByte on-line storage [1].
Office and Desktop Environment
About 1300 desktop workstations under MS Windows
XP are now operated at GSI. Users of these machines are
provided with 6.1 TByte disk space on three file servers,
two of which are running as an active-active high avail-
ability cluster. Services are provided by three domain con-
trollers, one print server, one project server, three applica-
tion servers for special purposes and several license servers.
For MS Windows access from remote or from non Win-
dows PCs, six terminal servers with an extensive software
suite are available via Citrix Presentation Server. All in
all, 42 XEON double processor machines are providing the
technical background for the Windows desktops.
In addition, around 200 desktop workstations are run-
ning under Linux, using the Linux server environment [1]
for technical, scientific and daily work.
Central Services
An MS Exchange Server, consisting of a two node high
availability cluster, is providing 1762 mail boxes which oc-
cupy 600 GByte of disk space. All mail boxes and user data
is participating in a daily backup schedule, using 70 TByte
of tape space right now. Administration of more than
2500 network attached devices and more than 2000 user
accounts is done in central databases.
Three fast copy machines for large copy and print jobs
in color and B&W are operated in the “Kopierzentrum”.
Throughout the buildings, 14 fast copy machines (three of
them color) are working as print stations. In addition, 170
network printers make a hard copy device almost always
available in the range of a few footsteps.
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Grid Activities at GSI∗†
P. Malzacher, A. Manafov, R. Manteufel, V. Penso, C. Preuss, K. Schwarz
Abstract
This article describes the work of the GSI Grid Group
with the aim to set up an ALICE tier2 centre within the
global environment of the LHC Computing Grid and to
prototype a possible FAIR grid environment.
ALICE tier2 centre
The storage capacity has been increased by 30 TB disk
space distributed over 5 file servers. A setup as extended
xrootd cluster with a single point of entry is planned for
GSI users. A part of this cluster will have additionally tape
backend via gStore. From outside GSI this storage capacity
is accessible as an AliEn storage element with Grid me-
thods. First performance tests resulted in a transfer rate of
11 MB/s compared to 3-4 MB/s which was achieved when
using NFS.
The existing dCache installation has been upgraded with
xrootd doors including the ALICE authorisation plugin as
one of the first installations within ALICE. It is currently
tested in production mode by using it as a backup storage
for ALICE grid jobs running worldwide.
During the second half of the year 2006 GSI partici-
pated continuously in ALICE Data Challenges. The Grid
paradigm has been changed from using pure AliEn to mak-
ing use of the existing LCG middleware infrastructure via
an AliEn-LCG interface. To be able to run AliRoot jobs
in the GSI batch farm a special high memory queue has
been created. Similarly the ALICE installation at the tier1
centre at FZK/GridKa is taken care of. The contribution
of GridKa to the global ALICE resources in 2006 has been
8% in average.
The EGEE project
The EGEE project came to a successful end and EGEE
II started in April 2006. GSI continued participating,
among others as primary partner in regional certification
of new middleware releases as well as user training in the
Swiss/German (DECH) Federation. The EGEE based mid-
dleware gLite came to version 1.5 and finally has been
fused with the WLCG production software LCG 2.7 to
gLite 3.0 at the beginning of 2006. To be able to participate
in beta tests of new middleware releases GSI maintains also
a pre-production testbed. All Grid systems are connected
with the GSI batch farm (LSF). Next to ALICE also other
∗Work supported by D-Grid (BMBF, Fo¨rderkennzeichen 01AK802G),
EGEE-I (European Commission under contract number IST-2003-
508833) , and EGEE-II (European Union under contract number INFSO-
RI-031688)
† references can be found at http://wiki.gsi.de/Grid/Links
Virtual Organisations (VOs) like DECH and DGTest are
being supported. Both VOs are intended also for testing
and training purposes.
The GSI Grid team contributes to the sub projects COD
and GGUS. The complete Grid infrastructure is overseen
by a small group of experts (CODs) in shift turns. Notifi-
cation (in form of trouble tickets) is sent to responsible site
administrators in case of operational problems. Grid users
have the possibility to send trouble tickets to a global grid
user support (GGUS) Those tickets are processed by grid
experts on duty.
Almost all GSI Grid services are running currently on
virtual nodes. For the hosting XEN servers also monitor-
ing tools have been developed as well as methods for au-
tomatic installation (FAI). The main infrastructure consists
of 5 Xen servers with 20 virtual machines with a very high
reliability.
D-Grid
At GSI distributed analysis tools under usage of grid re-
sources are being developed within work package 3 of the
HEP community Grid. During the year 2006 a ROOT plug-
in for the gLite middleware, TGLite, has been developed.
Now using this plug-in ROOT users are able to submit jobs
to a gLite flavoured Grid, query the job status and perform
a range of File Catalogue operations. GSI maintains a gLite
testbed for development and testing purposes.
Currently the next stage of the project is on the way, dur-
ing which a prototype of a data analysis schema and tools
will be created. The schema will offer users the possibil-
ity to process a distributed data analysis using TGLite and
PROOF on a gLite Grid. Also deployment procedures for
beta users will be implemented.
From D-Grid fundings 15 compute nodes have been
bought with high memory and significant disk space at-
tached to each node. These machines will be equipped with
the D-Grid Core Middleware and then be included into the
nationwide D-Grid testbed. At GSI they will be included in
the LSF batch farm with proof daemons being installed in
their system. This way they can be accessed via Grid/batch
methods, but also they can be directly used as a PROOF
analysis cluster.
Preparation for FAIR tier0
PANDA-Grid , based on the AliEn middleware and on
experiences made within the ALICE experiment, has been
set up and brought into operational mode. Currently 8 sites
are configured and small productions consisting of Panda-
Root simulation jobs have been running successfully.
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The GSI Mass Storage 
H.Göringer, M.Feyerabend, S.Sedykh 
GSI, Darmstadt, Germany
The GSI mass storage provides hardware and tools for 
safe, reliable, and, if necessary, redundant long term stor-
age of all user and experiment data, with fast access and 
available 24 hours a day and 7 days a week.  
Backup/Archive functionality for user data is provided 
by the commercial storage manager TSM. Access to the 
mass storage for experiment data (gStore) is enabled with 
GSI made client server systems providing various user 
interfaces (adsmcli, tsmcli, RFIO). 
gStore is based on automatic tape libraries (ATL) and 
data mover nodes connected via Storage Area Network 
(SAN). The data movers provide large read and write disk 
caches to screen tape operations as far as possible from 
the users. Tapes and ATLs are also handled by TSM, 
whereas the interface to TSM (API) and the disk cache 
management are handled by the GSI software. Design 
principles and functionality of gStore are described in a 
previous report [1]. 
In 2006 there have been significant upgrades to enhance 
the hardware and to move services away from Windows 
based to Unix based systems: 
• Four IBM 3592 tape drives have been installed in the 
IBM 3494 ATL replacing the old IBM 3590 tape 
drives. With new media (current capacity ~700 GB) 
the overall ATL capacity has been increased from 65 
TB to 1.6 PB. 
• A new AIX node with a TSM server managing the 
3592 tape stations has been installed. 
• Five new gStore data movers have been installed 
with Linux providing 14 TB of additional disk cache. 
Now the write cache is built exclusively from RAID 
arrays improving the security for data migration to 
tape.  
• The gStore entry servers and disk cache managers 
have been moved to a new fail-safe pair of high-end 
Linux nodes. Besides increasing the availability of 
these central gStore services, the times for file que-
ries in gStore have been reduced by nearly two orders 
of magnitude. 
• A new TSM backup server has been installed on 
Linux and is in operation since spring 2006. It will 
replace the older backup servers on Windows and 
AIX in 2007, after all clients and actual data are 
moved away from the old servers. 
An overview of the current status of the GSI mass storage 
can be seen in the table: 
backup data   70TB LTO1 max 140 TB (2007) 
experiment data  140TB LTO2 
  50TB 3590 
max 1.6 PB (2007) 
13 data movers disk cache: 
16 TB 
bandwidth:  
1000 MB/s 
Table 1: Status GSI Mass Storage December 2006 
In order to replace aged tape formats by new ones with 
much higher data density, and to consolidate the various 
server systems, the following new structure for the near 
future has been decided and is currently in work: 
1. All Experiment data will be stored on the new high 
capacity tapes in the IBM 3494 ATL, managed by the 
new AIX TSM server. TSM running on AIX has 
been proved as very reliable in the past.  
2. All Backup data will be stored in the Sun Stora-
geTek L700 ATL filled with LTO2 tapes, which are 
currently still occupied with experiment data. The 
backup data will be managed by the new Linux TSM 
server. 
3. The aged LTO1 tape drives in the other L700 ATL 
will be removed after all media are emptied. 
4. The empty L700 ATL will be available then for re-
dundant storage of valuable experiment data. 
In order to accomplish the first two projects all existing 
experiment data must be copied to the new 3592 tapes. 
This is already done for the data accessible with adsmcli 
(50 TB), and currently in work for the data accessible 
with tsmcli (140 TB). 
The gStore software is currently being enhanced to enable 
access to all experiment data at GSI with a single user 
interface, independent of their ATL location and the re-
lated TSM server. When finished the older user interfaces 
(adsmcli, tsmcli) will be removed, and new experiment 
data will be stored on 3592 tapes. Completely filled with 
new media, the current 3494 ATL data capacity of 1.6 PB 
should be sufficient for a few years. 
About 340 backup clients must be moved from the old 
Windows and AIX TSM servers to the new Linux TSM 
server. Whereas most of the old backup data will be re-
placed automatically by new backup data, all user archive 
data must be migrated to the new server.  
Afterwards, equipped with new tape drives, the empty 
L700 ATL could be moved to the "remote" computing 
room currently under discussion. This would be an impor-
tant contribution to safe long term storage of scientific 
data.  
First steps have been done to integrate xrootd with gStore.  
In a test environment developed for the Alice experiment 
all gStore files are available for xrootd clients. New 
xrootd files created in special cache areas are moved or 
copied to gStore asynchronously. In 2007 the integration 
with gStore will be implemented for the Alice Tier 2 
xrootd production system and for the planned new data 
file system of the Linux farm [2]. 
 
[1] H.Göringer et al: The GSI Mass Storage System for 
Experiment Data, GSI Report 2005-1, p. 367 
 [2] W.Schön et al: The Linux Farm at GSI, in this report 
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FairRoot/CbmRoot Simulation and Analysis framework
M. Al-Turany1, D. Bertini1, M. Dahlinger1, V. Friese1, I. Koenig1, and F. Uhlig1
1GSI, Darmstadt, Germany
Introduction
The Virtual Monte Carlo concept allows performing sim-
ulations using Geant3, Geant4 or Fluka without changing
the user code [1]. This concept was used as a base for de-
veloping the CbmRoot framework for the CBM collabora-
tion [2]. In this concept, the same framework is used for
simulation and data analysis. An Oracle database with a
build-in versioning management is used to efficiently store
the detector geometry, materials and parameters.
As more experiments at the GSI where interested in us-
ing this framework, the framework was revised and the
base packages of the framework where completely sepa-
rated from the specific CBM implementation. Moreover,
the framework became the new name FAIRROOT. On the
Oracle server side, data bases for each experiment are run-
ning on a high availability cluster, new experiments can
easily be added.
The Schematic design of the framework is shown in
Fig.[1].
ROOT
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Figure 1: Schematic design of FairRoot.
New Developments
• Geane Interface:
The Geane package allows the user to calculate the
average trajectories of particles and to calculate the
transport matrix as well as the propagated error co-
variance matrix. Geane is a set of routines worked out
by the European Muon Collaboration [3, 4] and it is
integrated to the GEANT3 system [5]. An interface
for using geane was developed in collaboration with
the Pavia group from the PANDA collaboration. The
modification to the VMC classes needed for geane
where also communicated to the ALICE collaboration
at cern and included in the VMC distribution.
• New detector geometry reader
A new geometry reader for the framework was devel-
oped. The input of this reader is in form of TGeoVol-
umes (Root Geometry format). This reader is used by
the PANDA collaboration to read the detector geome-
tries which are converted from Step file format (CAD
system) to Root format.
• CMake for configuration
CMake is a cross-platform, open-source make system
[6]. CMake is used to control the software compila-
tion process using simple platform and compiler in-
dependent configuration files. CMake generates na-
tive makefiles and workspaces that can be used in the
compiler environment of user choice. Now CMake
and autoconf/automake are used in parallel.
• Subversion
The frame work is now distributed via Subversion.
summary
A VMC based framework for CBM has been imple-
mented, the first release was in march 2004. The October
2004 release was used to produce and analyze data for the
CBM technical Status report[7]. Work on digitizers and
full tracking in CBM and PANDA collaborations is going
on.
References
References
[1] http://alisoft.cern.ch/
[2] M.Al-Turany, D. Bertini and I. Koenig , “CBM Simulation
and Analyis Framework”, GSI scintific report 2004, FAIR-
EXP-07.
[3] W.Wittek, EMC Internal Reports: (EMC/80/15, EM-
CSW/80/39, EMCSW/81/13, EMCSW/81/18)
[4] A.Haas, The EMC Utility Package: (UTIL42)
[5] R.Brun, F.Bruyant, M.Maire, A.C.McPherson, P.Zanarini
(DD/EE/84-1), May 1986
[6] http://www.cmake.org/
[7] CBM Collaboration Technical Status Report (GSI, Darm-
stadt, 2005)
INSTRUMENTS-METHODS-16
211
Developments for a future DAQ framework DABC∗
J. Adamczewski1, H.G. Essel1, N. Kurz1, and S. Linev1
1GSI, Darmstadt, Germany
Requirements and concept
The Data Acquisition Backbone Core DABC will pro-
vide a general software framework for DAQ tasks over
the next years. It serves as test bed for FAIR detector
tests, readout components tests, data ﬂow investigations
(switched event building) and DAQ controls. Speciﬁcally,
the system must be able to handle a triggerless experiment
with large data bandwidth like CBM [1]. Additionally, it is
necessary to integrate the current GSI standard data acqui-
sition system MBS [2]. The huge installed MBS equipment
cannot be replaced. Instead, MBS driven front-end compo-
nents (readout) should be attachable as data sources to the
new framework. The DABC replaces the MBS event build-
ing functionality.
The XDAQ C++ software framework [3] developed for
the CMS experiment at CERN was chosen as base for the
ﬁrst implementation of DABC. It features:
Task management: One node may contain several XDAQ
Executives (processes); each Executive may contain XDAQ
Applications as threads. Each application may create addi-
tional threads (workloops).
Data transfer management: Peer Transport and Messen-
ger interfaces.
Hardware integration: Hardware Access Library.
Control support: state machines; process variable Infos-
paces; message and error loggers; web server for each Ex-
ecutive.
Evaluation and testing
The developments so far concentrated on performance
and functionality evaluations.
Data transport
Data transport on a fast switched network has been inves-
tigated on a small InﬁniBand (IB) linux cluster installed
at GSI in 2005. An XDAQ Peer Transport over IB was
implemented based on the uDAPL library to check the
performance of IB data transfer with the XDAQ I2O
messaging mechanism. For package sizes P ≥ 15 kByte
the bandwidth B saturated at  905 MByte/s to be com-
pared with 955 MByte/s for measurements with direct
uDAPL. However, the rise of the B(P ) curve for small
packages was less steep for the XDAQ transport, since
this is ruled by the minimum transfer time τmin (“latency”
overhead of the framework), from (dBdP )P→0 =
1
τmin
.
Depending on the benchmark set up, XDAQ showed values
τmin  10 . . . 30 μs, well exceeding the plain uDAPL
latency of τmin  4 μs.
∗Work supported by EU-RP6 HadronPhysics, RII3-CT-2004-506078
Hardware access
As general software interface to attach DAQ hardware like
readout boards, XDAQ provides a Hardware Access Li-
brary package [3]. This deﬁnes base classes for user-space
communication with boards on a bus (e.g. PCI or VME).
We implemented HAL BusAdapter and DeviceIdentiﬁer
classes for a generic PCI/PCIe driver of the Mannheim
FPGA group1.
The new HAL classes were tested with the available
GSI PCIGTB2 board. It was possible to access the
board from an XDAQ Application, setting up registers
and reading/writing on the PCIGTB2 internal memory.
Although the tests showed that the general HAL interface
is not sufﬁcient for all cases, (e.g. DMA; exact i/o timing),
it turned out that it is well possible to implement missing
features as methods of the speciﬁc HardwareDevice class.
Control System
XDAQ offers a http server on each node to exchange
control messages and monitoring data via SOAP protocol.
We developed a simple prototype of a control GUI as
JAVA application. However, every update of a monitored
value requires an active http/SOAP request from the GUI.
An improved approach for monitoring consists in a
“publisher-subscriber”-model, where each GUI registers to
be updated automatically if a variable changes in the mon-
itored application. DIM [4] is a well established protocol
library for such a usage. We developed adapter classes to
run a DIM server in the XDAQ executive. XDAQ infospace
variables are exported as DIM services. Additionally, the
XDAQ application state machine can be switched by DIM
commands. The DIM server provides control access from
any other DIM interfaced packages, like the Labview-DIM
interface of the GSI CS-framework [5] for a test control
GUI, or the EPICS DIM gateway currently under develop-
ment at GSI (http://wiki.gsi.de/Epics).
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Inﬁniband cluster for Future DAQ∗
J. Adamczewski1, H.G. Essel1, and S. Linev1
1GSI, Darmstadt, Germany
Network requirements
The data acquisition for future experiments at FAIR re-
quires a fast and relatively large network farm for event
data transport from front-end electronics to the comput-
ing nodes where further event analysis can be performed.
The CBM experiment, for example, produces about 1 TB/s
of raw data rate, which should be switched in such event
building network (B-Net). This requires to build a sys-
tem with ∼1000 nodes, each connected to a network with
1 GB/s link performance.
Currently we are evaluating InﬁniBand (IB) as probable
candidate for B-Net in our ﬁrst prototype of a Data Acquisi-
tion Backbone DABC (see in this report). A small test clus-
ter of 4 nodes was installed at GSI in November 2005. Each
node of that cluster is equipped with a Mellanox MHES18-
XT InﬁniBand Host Channel Adapter (HCA). The nominal
data rate of such adapters is 1GB/s in full duplex mode.
InﬁniBand software
All software required to conﬁgure and operate Inﬁni-
Band networks is collected in the OpenFabric Enterprise
Distribution OFED (former OpenIB), developed by the
OpenFabrics Alliance [1]. There are also software pack-
ages from hardware vendors (for instance IBGold from
Mellanox), but mostly they contain the same components
as the OFED package. Several user-level APIs were inves-
tigated and tested.
The low level verbs API, included in the OFED pack-
age as libibverbs library, provides direct access to In-
ﬁniBand HCA functionality from user space (so-called
kernel bypass). It’s most important functionality: non-
blocking zero-copy data transfer, remote direct memory ac-
cess (RDMA) and unreliable hardware multicast. Unfortu-
nately, the verbs API is not well documented.
The user-level direct access API (uDAPL), developed
by the DAT collaborative [2] was inspired by IB func-
tionality. Therefore it has many similarities with verbs
API. Since uDAPL uses a peer-to-peer communication
paradigm, multicast is not supported. There are several im-
plementations of this APIs from different vendors, which
are mostly compatible with each other.
Message passing interface (MPI) is widely used in the
ﬁeld of parallel computing. It deﬁnes an API for fast ex-
change of data between computing nodes. The MPI over
InﬁniBand Project - MVAPICH [3] provides non-blocking
zero-copy data transfer, and in latest versions it even sup-
ports hardware IB multicast.
∗Work supported by EU-RP6:Hadron Physics, RII3-CT-2004-506078
Benchmarking
A special test application was written to evaluate Inﬁni-
Band performance with all mentioned APIs. This test ap-
plication is capable to generate different kinds of trafﬁc
patterns over InﬁniBand. A time synchronization between
nodes was implemented to perform time scheduled data
transfers. Mostly the all-to-all trafﬁc pattern was investi-
gated, where each node transfers data to all other nodes
according the round-robin schedule. The dependency of
achieved data rates per node from packet size for different
APIs is presented in table 1.
Buffer 1K 4K 16K 64K 256K
verbs 364 809 940 953 957
uDAPL 494 723 837 875 882
MPI 327 616 752 885 897
Table 1: Achieved data rates (in B/μs) in all-to-all tests
All APIs provide good performance and reach 900 B/μs
for big packet sizes. While verbs has less API overhead, it
reaches such data rate already at 8K buffer size.
Separately IB multicast was tested: verbs achieves 625
B/μs data rate with less than 0,01% packets lost; MPI only
350 B/μs, but this includes handshaking and retry when
packets are lost.
Using a B-Net scheduled trafﬁc pattern one achieves
event building all-to-all trafﬁc of 750 B/μs plus simul-
taneous transport multicast trafﬁc from scheduler of 50
B/μs/node, and status trafﬁc of 20 B/μs/node.
Future tests and developments
Our ﬁrst tests show, that InﬁniBand provides data rates
as required for an event building network in future FAIR
experiments. All investigated APIs potentially can be used
in further developments of DAQ systems.
Because all our tests were performed on a small 4-nodes
cluster, we cannot prove the scalability of our B-Net ap-
proach for systems with more than 100 nodes. There-
fore further tests are planned in cooperation with the
Forschungszentrum Karlsruhe, where several 32-nodes In-
ﬁniBand clusters are available.
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Enhancing the CS Framework for Distributed Control Systems 
D. Beck, H. Brand, and S. Götte 
GSI, Darmstadt, Germany
The CS framework is a LabVIEW based framework 
for developing event driven, multi-threaded control 
systems using an object oriented approach. In Decem-
ber 2006, version 3.00 of CS has been released. The 
new version is a major change addressing a couple of 
issues that are of prime importance for large scale dis-
tributed control systems.  
Introduction 
The CS framework is in use since a few years at about 
ten experiments at four institutes. Instead of supporting a 
maximum number of process variables, the main focus of 
CS is to provide a basis for control systems requiring a 
high flexibility and performance. A detailed description 
of CS is given in [1]. This text aims at describing the en-
hancements by the most recent version 3.00. 
DIM as Communication Layer 
Earlier versions of CS allowed for distributed control 
systems but required the knowledge of the node name for 
each process variable. Moreover, a general built-in ob-
server mechanism where many observers may register to 
receive updates of one published process variable was 
missing. 
The entire communication layer has been changed to 
DIM (Distributed Information Management) [2], which is 
a light weight protocol for inter-process communication 
based on TCP/IP. It follows the concept of named ser-
vices. Clients may receive information from a service 
(observer pattern) or may send a command to a server 
(command pattern). 
Switching to DIM as communication layer was possible 
after implementing a LabVIEW interface for DIM. This 
drastically increased the performance in the communica-
tion layer of CS and solved a few other problems not 
mentioned here. Using a CS system with one million DIM 
services was tested successfully. 
Process Management 
Starting with version 3.00, CS is complemented by a 
simple process management system. Typically, a couple 
of processes must run on each node to provide the func-
tionality of the control system. However, each node may 
require a different set of processes. The process manage-
ment system takes care of starting, restarting or stopping 
processes in distributed environments. A server publishes 
a list of processes for each node in the distributed system 
together with command line parameters and options for 
restarting a process in case it has been stopped or crashed. 
On each node a client subscribes to that list and takes care 
to handle the required processes. The process manage-
ment system is available for MS-Windows and Linux and 
supports a mix of both operating systems at the same 
time. 
Access System 
A distributed control system with more than one con-
sole requires a mechanism to lock subsystems for indi-
vidual operators or tasks. Such a reservation mechanism 
is not intended for preventing malicious attacks but for 
preventing accidental changes of a parameter. With CS 
3.00, a reservation mechanism has been implemented that 
becomes effective when using the command pattern. 
Application 
The new version of CS represents a major change in the 
CS framework. The usage of common design patterns 
within CS has become much simpler in many cases. At 
the same time it was tried to provide as much backward 
compatibility as possible. However, experiment specific 
code based on the CS framework needs to be migrated to 
the new version. Thus, switching to the new version re-
quires some work by the experiments. 
At GSI, the new version is already in use at two facili-
ties. First, the PHELIX facility [3] has the most complex 
control system (12 PCs) based on CS and represents a 
good test case for the new CS version. PHELIX started to 
successfully use the new version already in an early stage 
of its development. Second, a small test-bed of eight PCs 
has been set up and is permanently in operation. Its main 
purpose is to test scalability, stability and performance of 
a distributed CS system when being operated for many 
weeks. Other experiments like SHIPTRAP are about to 
switch to the new version in the near future. The upcom-
ing facilities HIPTRAP and MATS at FAIR have already 
decided to use CS. 
Summary 
The CS framework has done a major step forward by 
adding missing features that are required for larger, dis-
tributed control system. The main change is the usage of 
DIM as communication layer. The software has been re-
leased in December 2007 and is already in use.  
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Status and Improvements of Go4 Analysis Framework v3
J. Adamczewski1, H.G. Essel1, and S. Linev1
1GSI, Darmstadt, Germany
Status of Go4 v3
Go4 (GSI Object Oriented Online Ofﬂine) is established
as standard GSI analysis framework for several experi-
ments of atomic and nuclear structure physics, e.g. FRS,
SHIP, and RISING. Go4 is based on ROOT [1] and is avail-
able for download under GPL at the Go4 homepage [2].
Go4 is installed and maintained on the GSI Linux cluster.
Go4 v3 has been released in November 2005 [3]. Go4
v3.2 released in July 2006 replaced the previous version
2.10 as stable production version. It addresses several user
requests and error reports. Additionally, changes of Linux
distributions and of the most recent ROOT versions re-
quired small adjustments of the release.
A Go4 workshop was held twice in June 2006 at GSI. On
two days features and techniques of Go4 v3 were presented
and discussed with the participants. Additionally, new Go4
tutorials were offered on the web [4].
Improvements
Analysis Framework
For simple structured analysis tasks the number of re-
quired user classes was reduced considerably: Only one
method (BuildEvent() of class TGo4EventProcessor) must
be implemented by the user. It contains all the analysis
code. No other classes like a dummy output event class are
required. The analysis can be fully conﬁgured by macros.
The TGo4MbsFile event source now can also read list-
mode data of old event formats type 4,1 and 4,2. These
events are converted implicitly into format 10,1 for further
processing.
GUI enhancements
Interactive re-bin: When a histogram is re-binned
via right-mouse menu or via ROOT graphical editor, re-
binning is preserved when the histogram is updated next
time from analysis. Simultaneous views of the same his-
togram with different binning (and graphical attributes) are
possible.
Viewpanel: There is a new draw options toolbox for
line, marker, and ﬁll colors of histograms and graphs. Sup-
port was added for TGraph draw modes and TGraphErrors
error styles. The viewpanel menu allows to select the active
object from superimposed histograms and graphs.
Zoom tools dialog was upgraded to a non modal MDI
widget. It will appear always on top of workspace wid-
gets and refers to ranges of the currently selected viewpanel
pad.
Preferences menu: Added setup for histogram statistics
box and Go4 marker labels.
Macro execution in GUI process
A new command line widget allows execution of ROOT
commands or macros within the GUI process. More-
over, Go4 hot-start scripts may be invoked here at any
time. The widget offers a ﬁle dialog to search for *.C and
*.hotstart ﬁles. It also has a selector dialog of preloaded
commodity functions for histogram manipulation (re-bin,
addition, projection, etc.). These function template calls
may be completed with existing histogram names by drag-
ging histogram items from the browser and dropping them
on the empty command argument, as shown in Fig.1.
Figure 1: Go4 GUI with re-bin script example.
Methods of the Go4 GUI command interface instance
TGo4AbstractInterface can be called in GUI macros by
handle go4-> providing access to Go4 GUI views and
browser objects. Additionally, all remote analysis con-
trol commands are available, like in the hot-start scripts.
Macros can be written to execute inside the Go4 GUI or
in CINT by checking the deﬁnition of GO4MACRO .
The method reference of TGo4AbstractInterface was added
to the Go4 help viewer. Example scripts are installed at
$GO4SYS/macros location.
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Silicon Micro Strip Detector Readout System 
J.Hoffmann, N.Kurz, W.Ott 
GSI, Darmstadt, Germany.
A readout module (SIDEREM: SIlicon DEtector REad-
out Module) for the silicon micro strip detector (SMSD), 
provided by the AMS collaboration, has been developed 
for the usage in GSI experiments within the MBS data 
acquisition system. The SIDEREM is a NIM module with 
an interface to a single SMSD, which provides all signals 
to readout a SMSD including 640 channels on the front- 
and 384 channels on the backside of this double sided 
silicon device. This interface includes also the power sup-
ply for the bias voltage of the backside (Fig. 1). 
Dataflow: The analogue signals readout via multiplex-
ing are fed into 3 parallel working ADCs on the SID-
EREM and are then handed over to the onboard DSP 
(TMS320C6414 from Texas Instruments).  The DSP op-
tionally filters the raw data and sends it via the GTB bus 
into the input memory of a SAM5 VME module for fur-
ther data combining and transportation. The SAM5 is 
finally readout by the MBS readout processor in VME 
BLT mode. 
 Altogether 15 SIDEREMS can be connected in a daisy 
chain to one of the two GTB ports of the SAM5 (Fig. 2). 
Assuming that up to 20 SAM5 may be mounted in a VME 
crate, this system supports the readout of one up to 600 
(20*2*15) SMSD devices, scaling respectively from 1024 
up to more than 600000 channels handled in a single 
VME crate. 
Trigger System: The SIDEREM system accepts three 
different types of hardware triggers. Trigger type 1 pro-
duces pedestal subtracted data. It is intended as physics 
trigger. Type 2 delivers raw data and type 3 is mandatory 
for the verification of the event synchronicity. The trigger 
inputs are distributed on a local trigger bus. For this pur-
pose each SIDEREM has a (local) trigger bus port. All 
SIDEREM modules connected to the SAM5 via GTB 
must, in addition, be connected to the SAM5 on this local 
trigger bus. It allows also for the earliest release of dead 
time, whenever all SIDEREM modules are ready to ac-
cept safely the next trigger.  
Ancillary: For the fast data transfer from the 
SIDEREM modules to the SAM5 the so called "token 
mode" of the GTB bus is used, whereas the transparent 
(or address mapped) mode is used for various slow con-
trol tasks. This includes the capability to download the 
DSP programs for the SIDEREM and the SAM5 from the 
VME processor. It allows the loading of pedestal files, 
which are distributed from the SAM5 to all connected 
SIDEREM modules. Both operations are done automati-
cally at the start up phase of the MBS DAQ. Furthermore, 
it is possible to set the bias voltage for the backside of the 
SMSD and the CCT (charge collection time) manually 
from the VME processor. The CCT time is used to set the 
optimal HOLD time after a trigger occurred, which allows 
the freezing of the silicon strip signal at its maximum 
pulse height. Finally, it is possible to readout a tempera-
ture sensor mounted on each SMSD. 
This new SIDEREM system has already been used in 
the S271 experiment at the FRS at GSI, investigating on 
"two proton fragmentation" of 20Mg and 17Ne. It will be a 
key device in the LAND/R3B experiment. 
Figure 1: Block diagram of SIDEREM module 
Figure 2: GTB connection scheme 
Figure 3: SIDEREM Module 
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Germanium detectors are widely used for γ-ray spec-
troscopy. However, application of such detectors is usually
restricted to the low counting-rate environments as larger,
high efficiency, crystals have longer charge collection times
(≤ 1μs). To achieve maximum energy resolution of ger-
manium detectors signal from preamplifier is shaped to the
Gaussian form with shaping time from 3 to 6μs. The re-
sulting total width of formed pulse is larger than 10μs. This
fact increases a probability of events piled up at rates per
crystal higher than few tens of kHz, which is expected in
future hypernuclear γ-ray spectroscopy experiments. To
solve such problems one has to use specially designed elec-
tronics (preamplifier, spectroscopic amplifiers) [1] or try to
perform a pulse-shape analysis of the preamplifier signal.
In the current work the second approach was chosen.
To develop a signal-analysis algorithm the high-rate
measurement was performed. One representative crystal of
the EUROBALL Cluster detector [2] was exposed to 22Na
and 57,60Co γ-ray sources in a sequence of measurements,
achieving 1.5, 34, 110kHz counting rate by changing the
distance to the radioactive sources. The preamplifier sig-
nal was split into two separate branches. The first ”ana-
log” branch (A) consisted of timing filter and spectroscopic
(SA) amplifiers, CAMAC peak-sensing ADC and constant-
fraction discriminator. To achieve the best energy resolu-
tion the shaping time of SA was set to 3μs. The second
”digital” branch (D) consist of 100Mhz 14 bit flash ADC
SIS3301. Flash ADC was used to store pulse traces which
were later processed off-line. The length of the traces was
chosen to be 1.3ms and 100μs for high and low rate mea-
surements, respectively.
The obtained traces were filtered by the Moving Window
Deconvolution (MWD) algorithm [3]. However, MWD
does not allow to measure the height of two neighbour
pulses if they are closer in time as the length of the fil-
ter. To overcome this limitation the digitalised signals were
analysed by several filters with different length. Depend-
ing on the distance between neighbour pulses (dt) analysis
program selected output value of the filter with maximum
length but less than dt. The output of such analysis consists
of energy, time and filter length information for each event.
∗This research is part of the EU I3HP RII3-CT-2004-506078 and is
partially granted by the Helmholtz Association and GSI as Helmholtz-
University YIG VH-NG-239 with Mainz University.
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Figure 1: Gamma-ray spectrum of mixed calibration source
of 57,60Co and 22Na obtained at 110kHz counting rate by
means of analog electronics (bold line histogram) and dig-
ital signal processing (shaded-area histogram). Spectra
were normalised to the area of 1332.4keV peak.
This allows to achieve maximum energy resolution in high-
rate conditions as for each event shaping with optimal time
constant is applied. Further in the text such analysis is re-
ferred as Multi-MWD (MMWD).
Resulting energy resolutions (FWHM at 1332keV,
60Co) and fraction of rejected pulses measured for
both branches are shown in the following table:
Counting rate Energy resolution Pulse rejection
(kHz) (keV) (%)
branch: A D A D
1.5 2.4 2.4 0 0
34 2.5 3.0 21 9
110 2.7 3.4 71 18
The analog branch provided better energy resolution,
however, the probability of events piled up in analog
branch drastically increases with counting rate. Figure 1
shows γ-ray spectra obtained at 110kHz rate. Due to
pile up resolving the D branch provided higher peak to
background ratio of 11.7 in comparison to the 2.6 obtained
with analog ADC (for 1332keV 60Co line).
The results of the test measurements show that the ap-
plication of the MMWD analysis is very efficient for high
counting rate environments.
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Final results on the Analysis of Germanium detectors in high magnetic fields∗
A. Sanchez Lorente†1, P. Achenbach1, J. Gerl2, M. Kavatsyuk2, I. Kojouhavorv2, J. Pochodzalla1,
N. Saito2, T.R. Saito2, H. Schaffner2, and C. Sfienti for the HYPERGAMMA Collaboration2
1U Mainz, Germany; 2GSI, Darmstadt, Germany
Pulse shapes of preamplifier signals for VEGA and EU-
ROBALL detectors [1] under high magnetic field were fur-
ther investigated. The analysis provides a new method
which drives to recover the energy resolution under strong
magnetic fields.
The observation of a simultaneous large shift and broad-
ening of the rise time distributions [2, 3] of preamplifier
signals suggests that an incomplete signal integration by
shaping amplifiers could be the main origin of the observed
energy shift. To verify the latter conjecture, the response to
output signals of the shaping amplifier on different rise-
time of input signals has been investigated with a pulse
generator, and it has been confirmed that the rise-time vari-
ations are the main source of the observed energy shift and
reflects the effect of the magnetic field on the charge col-
lection process itself. Fig. 1 shows distributions of pulse
heights of the output signals of the shaping amplifier mea-
sured by an CAMAC ADC as a function of measured rise-
time of preamplifier signals by a flash-ADC for one of
the segments of the VEGA detector at different magnetic
fields, showing a strong correlation between the observ-
ables. The fit of a parabolic function to the correlation
(see solid lines in Fig. 1) enables a correction of the en-
ergy spectra event-by-event for different magnetic fields.
The correction functions are similar for all measurements
at non-zero magnetic field, but they are shifted relative to
that of the measurement at B = 0T. Presently the origin
of this strong shift is not understood. Fig. 2 shows the
corrected γ-ray energy spectra (dashed line) for the same
segment of the VEGA detector at 1.6 T in comparison to
the one without correction shown by a dashed line. A sig-
nificant improvement in the peak shape has been achieved.
After applying the correction, an improvement on the en-
ergy resolution for the both VEGA and EUROBALL Clus-
ter has been achieved, and the remaining degradation at
fields larger than 1 T amounts to approximately 0.5 keV.
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Figure 1: Correlation between the energy in channels and
the rise time for the 1.332 MeV γ-rays of one of the seg-
ments of VEGA in a magnetic field. The line represents
the parabolic fit function of each distribution at different
values of the magnetic field.
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Figure 2: Two γ-ray energy spectra for 60Co at maximum
value of the magnetic field. The hashed spectrum presents
the ADC spectrum without correction and the dashed line
the corrected ADC spectrum at a field of 1.6 T.
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Mass-production of the Multi-strip Multi-gap Resistive Plate Counters
(MMRPCs) and the construction of the new FOPI ToF Barrel ∗
M. Kisˇ1, M. Ciobanu1,2, E. Cordier2, N. Herrmann2, K.D. Hildenbrand 1, Y.J. Kim1, P. Koczon1, Y.
Leifels1, M. Marquardt1, A. Schu¨ttauf1, J. Weinert1, X. Zhang1, and FOPI Collaboration1
1GSI, Darmstadt, Germany; 2Physikalisches Institut, Heidelberg, Germany
In order to enlarge the charged kaons identification range
up to 1 GeV/c a new ToF Barrel made of MMRPCs
[1,2,3,4] was designed and built by the FOPI collaboration.
The Barrel consists of 30 so-called super modules, each
housing five MMRPCs, and covers a cylindrical shell of
6 m2 surface around FOPI’s Central Drift Chamber (CDC).
In Fig. 1 a photo of a super module prepared for a γ source
test is shown.
Figure 1: MMRPC super module mounted together with
the readout electronics on a support plate.
During 2006 all 150 needed MMRPCs were produced
by FOPI collaboration members in the detector laboratory
of GSI. They have the following parameters: double-stack
(sandwich) construction with 2 × 4 gas gaps of 220 μm,
16-strip anode with an effective area of 90 × 4.6 cm2, an
anode strip to gap ratio 1.94 mm:0.6 mm, and a 50 Ω signal
line impedance. A common window (float) glass is used as
a resistive plate material and the active volume of the su-
per module is flushed with a gas mixture of freon/SF6/iso-
butan (85:10:5). These counters reach a full efficiency for
at electric field between 105 and 110 kV/cm.
In Fig. 2 we present the timing and efficiency perfor-
mance of the production counters. The results were ob-
tained in a proton test beam (2 GeV) with an average rate of
100 Hz/cm2 which is similar to expected experimental con-
ditions. The obtained time resolution in the region of full
efficiency (ε > 95%) is σt < 75 ps. Based on this results
we can estimate the performance of the future FOPI ToF
Barrel: a single-hit time resolution better than σt < 85 ps
(for the whole system) with an efficiency of ε > 99%. As
a consequence of the multi-strip design the MMRPCs have
∗Supported by EU/FP6 I3HP contract nr. RII3-CT-2004-506078 and
BMBF contract nr. 06HD154.
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Figure 2: The time resolution (full symbols) and efficiency
(hollow) of three MMRPCs as a function of an applied
electric field. The curves are arbitrary fits to the data points.
a double-hit capability. The measured double-hit time res-
olution (for the whole system) is σt < 100 ps with of effi-
ciency of ε > 85%.
The R&D phase was finished in January 2006 with a suc-
cessful test of the final version of our custom design elec-
tronic readout system [4,5,6]. Subsequently all electronic
for the readout of 4800 channels (trial and bulk production)
was delivered by an external company1 by the end of De-
cember 2006. Presently, the whole system is being assem-
bled and prepared for mounting inside FOPI. The commis-
sioning of the new ToF Barrel is planned for the first half
and a first main experiment for the second half of 2007.
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A Drift-velocity Monitor for FOPIs Drift-chambers ∗
N. Zernezki1, A. Schu¨ttauf1, K. D.Hildenbrand1, Y. J.Kim1, M. Kisˇ1, P. Koczon1, Y. Leifels1,
X. Lopez1, M. Marquard1, X. Zhang1, and the FOPI Collaboration
1GSI, Darmstadt, Germany
We use a modified version of the Goofi-drift-monitor,
developed at GSI and MPI-Munich [1][2][3] to test a
new electronic chain and readout concept, which can be
implement into the existing FOPI slow control system
[5]. The design goal for the drift-velocity monitor is to
measure the drift-velocity (vd) with a relative error below
Δvd
vd
≤1% at an absolute value vd ∼ 4 cm/μs which is the
operation value in FOPIs drift chambers. The realization
of the drift-monitor is rather simple: we use a field-cage
of 25 cm length and 3 proportional counters to determine
the drift-velocity by a time measurement knowing the
distance between the counters. Two proportional-counters
(Top/Bottom) are placed within the field-cage and serve as
start counters for the time measurement; the third counter
(Pickup) is placed at the end of the cage and delivers
the stop signals. The start signals are delivered by two
Am241 − α-sources (4 kBq). These α-particles ionize,
on their path through the field-cage, the detector gas and
are finally detected in the Top and Bottom unit. The
third counter (Pickup) collects the electrons which are
created by the α-particles in the gas. The time difference
between Top-to-Pickup and Bottom-to-Pickup is used for
determining the drift-velocity.
All three proportional counters are read out by the same
electronic chain using a pseudo-differential preamplifier
and a shaper. The positive output signals of the preampli-
fier are additionally amplified to adjust their overall signal
height to the range needed for the digitizer (± 1V). The
negative signals are discriminated and used to generate the
trigger for the whole system. To digitize the three counter
signals we use a PC based PCI-card (PCI-9812) [4] which
has 4 channels with a 12 bit FADC at a sampling frequency
of 20 MHz. This card is initialized and readout by a
Labview program which allows to save the data to disk
and to realize an online monitoring during the experiment
[3]. In the current configuration of the system we are able
to measure the drift-velocity within 20 min. (1000 events).
This is sufficient, compared to changes of pressure or
temperature which are main reason for the variations of
the drift-velocity (vd).
We tested this new system with a standard chamber gas
(P10) to determine its performance during two measure-
ment periods of 6 days. The tests were performed in an
area where the counter and the gas were temperature sta-
bilized. In Figure 1 we show the results of this tests and
compare them to the inverse pressure (black solid line same
plots) measured externally at the same time interval. It is
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Figure 1: The two panels show the measured drift-velocity
versus the time (red points) from 2 different measurement
periods (6 days). On top of the measurement we plotted the
inverse pressure (solid line).
obvious that the drift velocity follows directly the inverse
pressure with a relative error of Δvdvd ≤ 0.5 % at an abso-
lute value of vd ∼ 3.3 cm/μs. In summary we conclude
that the new system is capable to measure the drift-velocity
with the needed resolution; it will be used during the next
FOPI beam-time to monitor the drift-chambers.
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An ASIC based fast Preamplifier-Discriminator (PADI) for MRPCs ∗
M.Ciobanu1,2, A.Schu¨ttauf1, E.Cordier2, N.Herrmann2, K.D.Hildenbrand1, Y.J.Kim1, M.Kisˇ1,
P.Koczon1, Y.Leifels1, X.Lopez1, M.Marquardt1, J.Weinert1, X.Zhang1, and the CBM Collaboration
1GSI, Darmstadt, Germany; 2Universita¨t Heidelberg, Germany
The use of conventional integrated circuits to process
primary RPC signals has reached its limit with designs
like FOPI’s 16 channel FEE5 [3]. To further reduce the
price and power consumption per channel the natural way
is a custom ASIC design. For this purpose the NINO
architecture [1] used in the ALICE-ToF with its full
differential structure offers a very attractive starting point
for a new Preamplifier-Discriminator design.
Figure 1: Asic Layout of the PADI chip with 3 channels
Taking into account the existing ideas of time mea-
surements with fast gas detectors with up to 100000
channels within the CBM-detector at the FAIR-facility
of GSI, we started to investigate, within the European
project JRA-12, the development a new 4 channel PADI-
ASIC in CMOS 0.18 μm technology. This chip has
the following key parameters: fully differential, 50 Ω
input impedance, LVDS compatible output, preamplifier
gain G ≥ 200, preamplifier bandwidth BW ≥ 400
MHz, peaking time tP ≤ 1ns, noise related to input
σn ≤ 25μV RMS, comparator gain G ≥ 200, a DC
feedback loop for offset and threshold stabilization and a
threshold range related to the input of ΔUThr ∼0.5-20 mV.
Based on these characteristics we designed a first version
of the PADI-Chip (Fig. 1), with 3 channels in its first pro-
totype. With the first delivered samples we have performed
tests to check the basic functionality (connections, voltage,
in/outputs of time and charge, thresholds). From these el-
ementary tests we conclude that all channels are fully op-
erational. Due to this very positive result we designed a
∗work supported by JRA12 of EU/FP6 Hadronphysics (see annex),
INTAS Ref.Nr. 03-54-3891 and German BMBF contract 06 HD190I.
PCB for the PADI-chip which is directly connected to our
FOPI-digitizer TACQUILA3 [2].
Figure 2: First timing measurement of the PADI-chip to-
gether with the TACQUILA-card. A time-resolution σt ≤
10 ps has been reached for a single channel.
The combined setup (PADI-TACQUILA3) has a timing
performance of σt ≤ 10 ps for pulser signals above 20 mV
(see Fig 2.). In the following measurements we will map
out the overall time resolution as a function of the ampli-
tude. We will also compare time-over-threshold (ToT) to
the direct charge measurement, to learn whether the ToT
measurement is applicable for the walk correction.
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Design studies on Time-Of-Flight walls for the HypHI project∗
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Pochodzalla4, A. Sakaguchi5, and the HypHI collaboration
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The HypHI project which has been recently started aims
to study hypernuclei by means of collisions of stable heavy
ion and rare-isotope beams on stable target materials [1, 2].
As the first step (Phase 0), the feasibility of hypernuclear
spectroscopy with heavy ion beams will be demonstrated
with 6Li beams at 2 A GeV impinged on a 12C target by
identifying 3ΛH,
4
ΛH and
5
ΛHe hypernuclei [3].
The HypHI collaboration currently works on the design
study of the setup for Phase 0 based on Monte Carlo sim-
ulations with GEANT4. The current simulation program
uses UrQMD calculations to generate events of nuclear col-
lisions at the target.
The current design of the experimental setup consists of
the ALADiN magnet, a diamond detector and scintillating
fiber detectors in front of the ALADiN magnet, and two
Time-Of-Flight (TOF) walls behind the ALADiN magnet
[3]. Negatively charged pions are detected by the ALADiN
TOF wall and positively charged particles by another TOF
wall called TOF+ which consists of plastic scintillator bars
with readout by photomultipliers. This work dedicates to
the design study of TOF+.
There are several constraints in designing TOF+. Due to
the intensity of projectiles as 107 per second a high count-
ing rate in each plastic bar near the beam trajectory is ex-
pected. The geometry of the detector must be optimized to
have less than 1 MHz counting frequency per bar in order
to be lower than the maximum current accepted by photo-
multipliers. Moreover, the size of the detector has to be
minimized with a reasonably large acceptance.
In order to satisfy those specifications, different solu-
tions were considered. To avoid a high counting rate, a
hole with a size of 7.5 cm × 6.5 cm is considered for the
projectiles, and a width of 4.5 cm for each plastic bar with
a thickness of 2.5 cm is chosen. In order to achieve a rea-
sonably good position granularity, adjacent bars are over-
lapped by 1.5 cm, thus a position granularity is 1.5 cm.
The total size of TOF+ wall is 96 cm (horizontal) × 1 m
(vertical), which gives an acceptance of 92% for positively
charged particles from the π− decay channel of hypernu-
clei of interest. A layout of the TOF+ wall is shown in
∗The HypHI project is granted by the Helmholtz Association and GSI
as Helmholtz-University Young Investigators Group VH-NG-239 with
Mainz University
† c.rappold@gsi.de
Figure 1: TOF+ wall layout
Figure 1. In the simulation, the position of the ALADiN
TOF wall was also optimize to maximize the acceptance
for π− measurements.
An important piece of information for the design of
TOF+ is a beam spot size at the target in cave C where
the experiment will be taken place. Therefore, a beam spot
size is measured by a multi-wire proportional counter and
emulsion films with 12C beams at 2 A GeV, and a size of
approximately 0.6 cm in RMS for the both horizontal and
vertical directions was deduced. In the simulations, a beam
with a two-dimensional Gaussian distribution with a σ of 1
cm at the target position was assumed.
Test of prototype detectors and the final design study of
TOF+ is still in progress.
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Scintillating Fiber Detector for the HypHI Phase 0 Experiment  
O. Lepyoshkina1,2 ,M Kavatsyuk1,3, S. Minami1,2,4, C. Rappold1,5, T. R. Saito1,2, A. Achenbach2, C. 
Ayerbe2, S. Ajimura4, T. Fukuda6, Y. Mizoi6, L. Nungesser2, J, Pochodzalla2, A Sakaguchi4 and the 
HypHI collaboration. 
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Univ.,Osaka,Japan;5Univ. Louis Pasteur, Strasbourg, France; 6Osaka Elect. - Comm. University, Neyagawa, Japan
In order to investigate the feasibility of hypernuclear 
spectroscopy with heavy ion beams, the HypHI collabora-
tion proposes an experiment defined as Phase 0 [1, 2]. For 
measurements of decay vertices of hypernuclei and for 
the tracking charged particles right behind the target a use 
of scintillating fiber detector is proposed. A prototype of 
the scintillating fiber detector has been built with Kuraray 
SCSRF-78 scintillating fibers with an outer diameter of 
0.83mm and an active core of 0.73mm.This type of fiber 
has a short decay constant of 2.8 ns, high light yield and a 
long attenuation length more than 4m. The prototype con-
sists out of two layers of fibers at a pitch of 0.59mm (see 
Fig. 1). Readout of scintillating photons is done by the 
Hamamatsu photomultiplier H7260 with 32 anodes.  
A range of spectral response of the photomultiplier is 300-
650nm. A typical gain of the photomultiplier is about 
2x106 at a high voltage of about 800 V. 
0.
59
m
m
0.59mm
43,9mm
0.
59
m
m
Figure 1: Fiber arrangement for the prototype. 
To optimize the design of the fiber detectors, several dif-
ferent tests with cosmic rays have been performed. The 
light amplitude of each channel of the prototype was 
measured with CAEN Charge-to-Digital Converter QDC 
MOD. V792. A plastic detector placed below the fiber 
detector was used to create a trigger signal to the data 
acquisition system. Analog signal from the photomulti-
plier are fed into the QDC with a delay of 100ns. An en-
ergy spectrum of one of the 32 channels of fiber detector 
is shown in Figure 2. The energy spectrum is character-
ized by a shape containing two prominent peaks. The first 
one corresponds to a pedestal distribution, which appears 
due to the fact that the area of the trigger plastic detector 
is larger than the scintillating fiber detector; therefore a 
part of cosmic rays which has triggered the data system 
was not registered to the fiber detector. The second peak 
corresponds to the energy deposit distribution of cosmic 
rays measured by the fiber detector. A narrow pedestal 
distribution allows a clear separation of the cosmic ray 
peak from the pedestal. Measurements and data analyses 
are still in progress, however, the results are presented in 
this report have already suggested to increase the number 
of the layers of the fiber detector from two to four. 
 
 
Figure2: Energy spectrum one of the channels of the fiber 
scintillating detector.   
A beam time of three nights is planned in March 2007 to 
test the fiber detectors with a primary carbon beam at 2 A 
GeV and π + cocktail beam with a π + momentum of 1 
GeV/c. 
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Performance of a fibre detector at a 12C beam of 2AGeV energy∗
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Figure 1: The residual of hit times between both detector
planes. A Gaussian fit is shown with a FWHM of 330 ps.
The HypHI project is dedicated to hypernuclear spec-
troscopy with stable heavy ion beams and rare isotope
beams at GSI and FAIR [1]. In its first phase it will ap-
ply scintillating fibre detectors for tracking and trigger pur-
poses. A prototype detector with 96 read-out channels
for three fibre bundles comprising 384 fibres was tested in
Cave C of GSI with a 12C beam of 2 AGeV energy. In
each bundle 128 fibres were packed in 4 double layers with
a pitch of 0.6 mm. Two bundles were aligned to a single
plane perpendicular to the beam, and one bundle formed
a parallel plane directly behind. Four fibres were grouped
to one channel and coupled to one pixel of the photodetec-
tors. The multi-anode photomultipliers (MaPMT) of type
R7259K from Hamamatsu are fitted with a 32-channel lin-
ear array of electrodes. The effective area per channel is
0.8 × 7 mm2 with a pitch of 1 mm.
For amplitude compensated timing two 32-channel dis-
criminator boards each with 4 integrated low-walk double
threshold discriminators were used. For the data shown the
thresholds were set to −60 (−120) mV, and the high volt-
ages to −500 V and −650 V. Analogue output boards with
50 Ω coaxial connectors were attached to the discriminator
boards to access also the pulse heights of each channel.
A scintillation paddle was installed 2 m upstream in the
beam-line to serve as a trigger counter.
In deducing the time resolution clusters of correlated hit
∗ supported by Helmholtz Association and GSI as Helmholtz-
University Young Investigators Group VH-NG-239.
† patrick@kph.uni-mainz.de
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Figure 2: The residual of beam position estimates between
both detector planes, using the centroid of charges. A
Gaussian fit is shown with a FWHM of 0.27 mm.
times were searched for. The cluster with the time closest to
the trigger signal time was retained, and within the cluster
the time of the first arrived signal was chosen as hit time. A
minimum time separation of 10 ns between clusters and a
hit in a coincidence window of 20 ns width were required.
The hit time residual, defined as the difference between the
two hit times in the two planes of fibres, had a FWHM of
330 ps as shown in Fig. 1. The time resolution of a single
detector plane was determined to be of the order of FWHM
∼ 330 ps/√2 = 230 ps.
Cross-talk in the MaPMT entrance window perturbed
the reconstruction of the particle position. By using the
pulse height information the hit channel was estimated by
the centroid of charges of up to 5 neighbouring channels.
The hit position residual, defined as the difference between
the two estimates in the two planes of fibres, had a FWHM
of 0.27 mm as shown in Fig. 2, although the estimator con-
tained a spatial digitalisation error. The achieved accuracy
was sufficient for an unambiguous identification of the hit
channel leading to a spatial accuracy of 0.6 mm/
√
12 ≈
170 µm (rms).
The distributions of the pulse height sums over all chan-
nels lead to a relative variation in the measured energy de-
position, ΔE/E, of 15 % at a high voltage of −650 V and
20 % at −850 V.
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A general-purpose trigger and readout board (TRBv2)
with on-board DAQ functionality is currently being devel-
oped as a replacement of the existing HADES electronics
(DAQ and parts of the FEE) as well as for the PANDA Mini
Drift Chamber (MDC) readout [1]. The first version has
been sucessfully integrated into the data aquisition of the
HADES detector (TRBv1 [2]). While the main applica-
tion of the TRBv1 was to be a 128-channel Time to Digital
Converter (TDC) electronics based on the HPTDC [3] (we
achieve σ = 40 ps resolution) to read out the HADES-
RPC-detector, the TRBv2 has been designed in a way to
be detector independent and thus may serve for any high-
speed data acquisition by using a flexible add-on board con-
cept.
To broaden the spectrum of possible applications in fu-
ture DAQ-systems, we added a very high data-rate digi-
tal interface connector (15 Gbit/s). It gives the possibility
to mount add-on boards to the TRBv2 which then provide
the detector-specific interfaces (special connectors) or FEE
(like ADCs) and additional computing resources (FPGAs).
Figure 1: The TRBv2. It features 4 HPTDCs (128 chan-
nels, optional), an Etrax-FS-Processor [4] with 128 MBytes
memory, Ethernet-connectivity, an optical link with 2
Gbit/s, programmable logic (Virtex 4 LX40) and a Tiger-
Sharc DSP (500 MHz, 24 MBit memory, 4 linkports).
In addition, the TRBv2 provides an optical link
(2 Gbit/s) as a replacement of the HADES trigger bus
and for high speed data transport (as required for exam-
ple by PANDA), a large FPGA (Xilinx Virtex 4 LX40 +
∗Work supported by EU FP6 grant, contract number 515876 and EU
FP6 grant RII3-CT-2004-506078 (JRA1)
128 MBytes RAM) and a TigerSharc DSP can be used as
on-board resources for trigger and on-line analysis algo-
rithms.
The TRBv2 uses an Etrax-FS processor [4] for DAQ
and slow-control functionality. The processor runs a stan-
dard linux 2.6 kernel in the 128 MBytes of memory and
is directly connected to the 100 Mbit/s Ethernet. The
integrated three co-processors (each 200 MHz) allow a
high IO bandwidth without main CPU intervention. The
TRB will support EPICS to allow the integration into the
HADES Slow-Control System (common project with the
EE-department [5]).
An additional board has been built (HadCom), which is
used to test many features of the Etrax-FS-Processor [4] as
well as the communication interface between the new trig-
ger and readout board network (TrbNet) with the existing
HADES-electronics. The TrbNet will be mainly based on
the 2 Gbit/s optical links but also allows the integration of
VME-CPUs, the add-on boards and the front end electron-
ics in a standardized way.
Figure 2: The prototype TRBv2 module (size: 20x23cm).
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The TPC is the central detector of the CERN-LHC ex-
periment ALICE. It is the largest TPC ever built with a 
gas volume of ~90 m3 and 557568 readout channels. The 
LHC is scheduled to commence operation in 2007 with 
pp-collisions. 
Before installation underground inside the ALICE L3 
magnet, the TPC including its auxiliary systems and ser-
vices, i.e., gas system, temperature monitoring system, 
drift velocity monitoring system, FEC cooling, laser sys-
tem, gating, chamber supply voltages, field cage high 
voltage, cables, DAQ and HLT have to be commissioned 
to ensure proper functioning of all its components. 
Hardware Installation and Schedule 
The insertion of the 72 readout chambers (ROC) into 
the TPC’s endplate was completed in 2005 [1].  By April 
2006, the 4356 Front-End Cards (FECs) [2] were in-
stalled and ready to be operated. At the same time a tem-
perature monitoring system [3] based on 500 pt1000 sen-
sors was mounted on the readout chambers, inside of the 
gas volume and onto the TPC inner and outer vessels. 
The laser system [4] close to its final configuration was 
ready by March. The field cage high voltage (100 kV) 
with its final setup and control was applied for the first 
time in May.  
The 10 kA low voltage system, as well as the large 
cooling plant to operate all 36 sectors simultaneously, 
were not used on the ground level due to infrastructure 
limitations. They were substituted by smaller systems.  
The commissioning of the TPC in a clean room on the 
surface level was accomplished in the period from May 
to December 2006. 
Gas System 
The gas system supplied by the CERN gas working 
group produced a pressure stability of 0.403 ± 0.013 
mbar during commissioning. The oxygen content in the 
TPC was below 5 ppm, i.e. within the specified values of 
the Technical Design Report [5]. The knowledge of the 
exact gas composition (CO2-content) was ensured by a 
newly installed gas chromatograph. The drift velocity 
and the gain of the gas could be measured “online” with 
high precision via a Goofie [6]. 
Cooling and Temperature Monitoring 
A small, leakless cooling plant capable to supply two 
fully equipped sectors with chilled water allowed to de-
termine its operating parameters: at a nominal water flow 
of 10 l/min the temperature gradient between cooling in- 
and outlet was below ΔT=1°C. The temperature gradient 
over a sector - extracted from the five probes mounted 
onto the Al-bodies of a single sector - was of the order of 
ΔT=0.1 °C. The pressure drop within a sector - an impor-
tant entity for sub-atmospheric systems - was measured 
to be below Δp=200 mbar. 
The temperature profile as measured on the TPC sur-
face employing the pt1000-sensors is shown in Figure 1. 
The temperature gradients on the outer hull are due to the 
air conditioning inlets of the clean room. The tempera-
ture distribution on the readout plane (front-side) is due 
to the fact that FECs of the two rightmost sectors were 
powered up and their excess heat is distributed upwards. 
The independent regulation of the cooling circuits for the 
36 sectors will allow compensating for these temperature 
gradients. 
 
Figure 1:  Temperatures on the outer hull and the readout 
plane of the TPC. 
Laser System 
Besides cosmic rays, laser beams were employed to 
commission the TPC’s ROCs. A sketch of the laser beam 
distribution system (prisms, beam splitter, micro-mirror 
bundles and laser beams) [4] is shown in Figure 2 (left); 
the actually measured laser tracks are shown in Figure 2 
(right).  
 
Figure 2:  Left: Sketch of the laser ray distribution in the 
TPC. Right: Measured tracks in laser runs. 
These laser tracks from the commissioning runs are 
used in offline-analyses to correct for residual geometri-
cal distortions and temperature effects [7]. 
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DAQ and HLT 
The DAQ system used during commissioning corre-
sponded largely to the final ALICE DAQ. Running since 
May more then 3500  runs and 24 TB of data were taken 
with no apparent hardware failures. The data were re-
corded in ROOT format and automatically migrated to 
CASTOR for mass storage. Online monitoring [8] al-
lowed inspection of the data on an event-by-event basis. 
The High-Level Trigger (HLT) was integrated into the 
data-stream and 3D-online-tracking was successfully 
applied.  
Read-Out Chambers 
All 36 sectors where subjected subsequently (always 
two sectors were operated simultaneously) to systematic 
tests to characterize the fully equipped readout chambers: 
Using cosmic ray tracks all chambers were operated at 
3 different anode voltages; at nominal voltage  (MIP at 
20 and 30 ADC counts for inner and outer ROC, respec-
tively), and at nominal voltage ±50 V. The test served to 
verify the basic functionality of the chamber and readout 
chain. Figure 3 shows an example of a cosmic shower 
event seen in two opposite sectors. 
In addition, the chambers were operated employing the 
laser at the same 3 anode voltage to verify the basic 
functionally of the chambers and the drift volume with 
well defined tracks.  
In a second go-around all sectors were tested in an en-
durance run of at least 40 hours continuous operation. 
 
Figure 3:  3D-view of a cosmic event as seen in two TPC 
sectors. 
Generally all chambers performed in terms of resolu-
tion and overall gain fully to specs. A few chambers ex-
hibited gain anomalies at specific locations, which was 
traced back to isolated high-ohmic anode wire connec-
tion. A serious upset occurred when a single anode wire 
broke. This necessitated the exchange of an outer ROC, 
which required considerable effort to re-establish the 
necessary environment, i.e., clean room conditions, re-
moval of the FECs and installation of the mounting tool. 
It proved, however, the principal feasibility of exchang-
ing a chamber “in situ” without inflicting on neighbour-
ing sectors. 
Front-End Electronics 
The characterization of the FECs involved the meas-
urement of the baseline and its RMS. Tests with a cali-
bration cathode pulser allowed to check the electrical 
connectivity, the homogeneity of the electronic gain and 
the relative t0 of the readout. Non-working electronic 
channels were reduced to a level of 10-4. The average 
RMS noise in the ROCs was typically 0.7 ADC counts 
(~680e ENC), which is fully within specs. The noise dis-
tribution over the surface is rather homogeneous with 
slightly higher values at the borders of the chambers.  
 Further tests involved data taking at high trigger rates, 
e.g., 10 samples/channel@ 1 kHz. 
 
Figure 4:  Left: Average RMS noise in an inner ROC in 
terms of ADC counts. Right:  Geometrical distribution of 
the noise over the chamber surface. 
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The ALICE TPC gas system: commissioning experience 
C. Garabatos1 
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The ALICE TPC gas system fills the detector with the 
nominal gas mixture (Ne-CO2-N2 [90-10-5]) and circu-
lates it at a small, fixed overpressure while continuously 
removing oxygen. It consists of several racks located at 
the gas building on the surface, at the plug half way down 
the cavern, and at the cavern. During commissioning in 
2006, the TPC was in the surface, as was the so-called 
distribution rack. Like all other LHC gas systems, it was 
designed and assembled by the CERN PH/DT1 group, in 
close contact with the detector's gas link-person. The sys-
tem is controlled by a PLC and has a PVSS user interface, 
both programmed by the CERN IT/CO group. 
The system consists of several modules, each fulfilling 
one specific function: mixer, circulation, exhaust, analy-
sis, purifier, and CO2 absorber. It can also be operated in 
different modes: purge, fill, run, and back-up. A pressure 
sensor located at the detector is used to regulate the circu-
lation speed at the compressor module, thus keeping the 
TPC at a constant pressure at all times. 
The first operation after connecting the TPC to the sys-
tem is to fill the whole volume with CO2. For this, the 
system is operated in purge mode, where a high flow (5 
m3/h) of CO2 is circulated into the detector and exhausted 
after the compressor. After a few days, the oxygen content 
in the TPC gas is low enough to allow one to proceed 
with the next step. 
The filling procedure consists of injecting a high flow 
of neon into the system while, after the compressor, re-
moving CO2 with molecular sieve cartridges. In this 
mode, the system operates in a closed loop. Two absorb-
ers are used to remove CO2: one is in operation while the 
other one is being regenerated, i.e., the trapped CO2 is 
removed by heating the cartridge at 200 oC and pumping 
out the effluents. In this manner, no high-cost neon is 
wasted. This mode continues until the right ratio of 
Ne/CO2 (9/1), as monitored with a CO2 thermal conduc-
tivity analyser, is reached. This operation takes about 2 
weeks, and its pace is driven by the regeneration time of 
the absorbers. 
The filling procedure also allows one to estimate the to-
tal volume of the system, so that the next step can take 
place: in the so-called direct mode, the exact volume of 
N2 is injected into the system in order to reach the final 
mixture. 
Once the TPC is filled, the system is operated in run 
mode, where the gas is circulated at high flow (6 m3/h) 
and cleaned with copper catalyser cartridges which re-
move O2 and H2O. These purifiers last for months under 
normal conditions. They are regenerated by flushing them 
with an Ar-H2 (noxal) mixture at high temperatures, thus 
reducing again the copper oxide.  
At the same time, a small flow (60 l/h) of fresh, mixed 
gas is added in order to compensate for the gas exhausted 
through the analysis line and through leaks. The system 
holds a 1 m3 tank at a few bars pressure after the com-
pressor, in order to store gas that might be needed if the 
ambient pressure increases. Whenever there is too much 
gas in the system, an exhaust flowmeter releases gas at 
200 l/h. 
Fig. 1 shows the stability of the overpressure in the 
TPC over one week of operation. The regulation parame-
ters in the compressor module were optimised such that 
the deviations from nominal pressure are of the order of 
0.01 mbar. One can observe that the pressure fluctuations 
are higher during day time, when the opening of the door 
of the TPC clean room, maintained at a slight overpres-
sure, creates small ambient pressure fluctuations. 
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Figure 1: Time dependence of the TPC overpressure, set 
at 0.4 mbar. The spread, shown in the lower panel, is 0.01 
mbar. 
The oxygen content in the TPC was 2-3 ppm for a cir-
culation flow a factor 3 lower than nominal. Thus, the 
leak rate of the device is believed to be a factor of 5 lower 
than specified.  
The gas composition was determined by using a dedi-
cated gas monitor detector (Goofie, see this and previous 
annual reports), and by analysing the gas with a gas 
chromatograph equipped with a double column able to 
separate all three TPC gases. 
Failure of the gas system, e.g. due to a power cut, 
would issue an SMS to CERN mobile phones.  In these 
situations the system falls into the passive back-up sys-
tem, where normally opened electro-valves release CO2 
which enters the TPC if its pressure falls bellow a speci-
fied limit. 
In conclusion, the first LHC gas system to be commis-
sioned has proved to be reliable and safe. 
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Experience with the Goofie during the TPC commissioning 
J. Castillo1, C. Garabatos1, and D. AntoĔczyk1, 2
1GSI, Darmstadt, Germany; 2University of Frankfurt, Frankfurt, Germany.
The ALICE TPC is a detector with a total volume of 88
m2 filled with a ternary gas mixture of Ne-CO2-N2 [90-
10-5]. To achieve its position and energy resolution re-
quirements it is necessary to control small fluctuations in 
the gas composition as well as drift velocity variations
[1]. A modified drift velocity monitor known as Goofie is
measuring the drift velocity and also the gain. The drift
velocity is obtained from the time difference between the
drifting electrons produced by two emitting alpha sources,
placed at known distances from a pickup detector (Fig.1).
Figure 1: Layout of the Goofie, showing the position of
the alpha sources, trigger counters and the pickup.
The field cage is operated at the unprecedented field of 
400 V/cm [1], like in the TPC. An integrated signal of
2500 events is used for statistical considerations. The gas
gain is obtained via an integration of each of the peaks of 
an integrated signal. Since a correlation between the gas
density (T/P) and the gain and drift velocity has been
proved before [1], the temperature and pressure are also
recorded. The read-out board for the Goofie monitor is 
based on the TPC read-out front-end chain, but modified
for our requirements. The signal out of three input chan-
nels (two for trigger signals, one for the pickup), trigger
information and a time tag are recorded. The temperature
and pressure are readout via an analogue input NI card
installed directly in the PC.
During the commissioning, the Goofie was connected 
to one analysis line of the TPC gas system. The output
events were used for creating integrated signals (2500
events) from which absolute drift velocity, gain, and a 
global T and P values are obtained. Once we have a sig-
nificant amount of integrated signals (50) drift velocity
and gain are plotted versus (T/P) and fitted with a first
degree polynomial. The fit parameters are used for cor-
recting all the subsequent data, obtaining in this way a 
precision of 5x10-4 in the drift velocity.
The calculation of the gas composition is based on the
dependence of both drift velocity and gain on the CO2 and 
N2 fractions. The dependences lie in planes that can be
fitted, and therefore a given set of values (drift velocity,
gain) leads to a unique composition (CO2, N2). Since
these dependences were calculated (using Magboltz 7.3
[2] and Garfield[3]) for another average pressure (GSI) it 
was necessary to shift the experimental values. The slope
output of fitting lineally experimental plots of pressure
versus drift velocity is used for that. Adding a constant to
all pressures, new shifted drift velocity and gain were
obtained. The values must be also corrected and later nor-
malized with the central points (drift velocity and gain
corresponding to Ne-CO2-N2 [90-10-5]). The output com-
position curve is shown in Fig.2. The resulting composi-
tion curve is in agreement with the real composition,
while the drift velocity resolution is worse than expected,
due to slight changes on the gas composition. In a future
an on-line version of this method will be implemented.
Figure 2: Calculated gas composition as a function of
time during the TPC commissioning period when the
Goofie was operational.
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Calibration of the ALICE Transition Radiation Detector
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1GSI, Darmstadt, Germany
The Transition Radiation Detector (TRD) belongs to the
central barrel detectors of the ALICE experiment at the
LHC at CERN. It is composed of 540 large area drift
chambers, with a total of 1181952 readout pads (1728 or
2304 per chamber). To ensure the optimal performance of
the detector, designed for electron/pion identification and
charged particle tracking, including triggering for high-pt
electrons, a calibration procedure has been devised and
tested with simulated events. Operating with a Xe-CO2
[85-15] gas mixture at atmospheric pressure, the TRD
chambers will exhibit a short-term variability in gas gain
(g) and drift velocity (vd). For these two parameters, the
calibration factors will be updated per chamber at intervals
of several hours. The long-term variability arises from the
chamber mechanical nonuniformities and will influence the
values of the gas gain and the width of the pad response
function (wPRF ), while the time reference (t0) is influ-
enced by the details of signal transmission via the traces
from pads to the front-end electronics. Calibration factors
are foreseen in this case for each pad and the update will
be done yearly. The values of g, vd, t0 and wPRF are ex-
pected to vary, respectively, within ± 20%, 10%, 5% and
5% around their nominal values over all the detectors.
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Figure 1: Average pulse height as a function of drift time.
The vertical lines delimit the amplification and the drift re-
gion of the chambers.
Physics runs of pp and Pb-Pb collisions will be used to
determine the calibration factors. For each chamber, or for
each pad (or pad calibration group), the relevent data are
accumulated in histogram, which are fitted to extract the
calibration factors. For minimum bias pp (Pb-Pb) colli-
sions, about 5·104 (103) and 108 (2·106) events are needed
to accumulate enough statistics (1000 histogram entries)
for the calibration per chamber or per pad, respectively.
The calibration factors are stored into the offline database
to be retrieved for further iterations of raw processing.
For the gain calibration we use the deposited energy
(corrected by the length of particle track), characterized by
the most probable value of the energy spectrum, extracted
from a fit. The drift velocity and t0 are extracted from the
average pulse height, 〈PH〉, as a function of drift time.
Fig. 1 shows 〈PH〉 for simulated pions with momentum
smaller than 5 GeV/c. The peak corresponds to the ampli-
fication region, where the ionization electrons from both
sides of the anode wire plane are added, and is used to cal-
ibrate t0. The plateau corresponds to the drift region of the
chambers and is used to calibrate the drift velocity. The
charge sharing between adjacent pads is used to achieve in
the ALICE TRD a point resolution down to 300 µm [1].
The degree of charge sharing is measured by the PRF. An
accurate calibration of the width of the PRF is essential to
optimize the tracking capabilities of the detector.
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Figure 2: Accuracy of the relative gain and drift velocity
calibration using the offline tracking.
The calibration procedure will run during data taking and
will use the on-detector track reconstruction performed for
the trigger role of the TRD [2]. Offline, the procedure will
benefit from the accuracy of the global tracking in ALICE.
A first test of the offline calibration procedure implemented
in AliRoot [3] has been done. Fig. 2 shows the relative
error between the simulated and extracted calibration fac-
tors for gain and drift velocity. The accuracies presently
achieved are about 2.6% and 1%, respectively. The influ-
ence of the accuracy of the calibration on the detector per-
formance is under study.
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Alice TRD Manufacturing at GSI, Status of Chamber Production and Testing  
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Abstract 
The Transition Radiation Detector (TRD) is one of the 
main detector elements of the ALICE experiment at LHC 
It will serve for the identification of electrons in a back-
ground of pions and additionally enhances tracking power 
of the overall Alice detector system. 
The Alice TRD will be assembled out of 540 TRD wire 
chambers in 12 different sizes (+30 spares). The entire 
production load is distributed among fife institutions, GSI 
being responsible for the 152 largest modules, measuring 
up to 1.1 x 1.2 m2.  
During 2006, production of the first batch of chambers, 
comprising 60% of all chambers needed, could be fin-
ished. Production routines were backed with elaborate 
testing procedures that serve to establish highest quality 
standards for chambers released and delivered for further 
system integration. Statistical analysis of various charac-
teristics has been done and will also be discussed herein. 
TRD Chamber Manufacturing and Testing 
A complete line of production has been set up at the GSI 
detector laboratory in 2005. During 2006, production-
could be streamlined and brought to routine. Chambers 
are assembled from pre-fabricated parts like chamber side 
walls, various spacer ledges and the like. For each cham-
ber, two wire planes, a cathode as well as an anode wire 
plane are first prepared on a specialized wire winding 
machine. They are then allocated and glued precisely (δ ~ 
10µm) onto the pre-fabricated chamber. 
Alice TRD detector modules are designed as non service-
able, completely glue-sealed MWPC. During production, 
each drift chamber is tested extensively twice: Just prior 
to final sealing, operating potentials are applied and the 
chamber is inspected for potential dark currents. Dark 
currents, if present, can mostly be attributed to pieces of 
lint or dust present in the chamber and must be removed. 
Likewise, in this first test, gain uniformity is determined, 
using a mobile X-ray source or, alternatively, an 55Fe ra-
dioactive X-ray source. The measurements are then em-
ployed as a guideline for corrective actions on these large 
wire chambers. By these means, spatial uniformity of gain 
to within a margin of +- 15% across the chamber could 
mostly be achieved. To meet these specifications caused 
considerable effort. The problems could be attributed to 
distorted chamber side walls. They disappeared with the 
arrival of new parts which were extruded employing dif-
ferent material.  
Additionally a scan of very fine granularity is also per-
formed on a line transverse to the wire orientation. Local 
Once neither leakage currents nor disconnected wires are 
detectable, a chamber can finally be sealed with glue. It is 
then again subjected to a final extensive testing procedure 
that serves as quality control prior to shipment. 
Here, gain uniformity is determined for documentation 
purposes. Likewise, chamber gas tightness is measured 
through the determination of Oxygen contamination in the 
counting gas. Leaks detected at this stage are sealed with 
glue until the integral leak rate below 1 mbar l/h is at-
tained. Finally, each chamber is continuously operated for 
at least 12 hours taking pulse height spectra of 55Fe X-
rays. Chambers are then declared “ready for further detec-
tor integration”.  
Chamber Production Status 
The chamber production status at the end of 2006 is de-
picted in table 1. 
 
Chamber Type L4C1 L5C1 
Ready for shipment 22 20 
Shipped to IKF Frank-
furt for electronics in-
tegration 
8 8 
Integrated into super-
module and already at 
the final location at 
LHC 
4 4 
Table 1 
Outlook 
In 2006, the TRD-project finally achieved to get the fi-
nancial support for the production of the entire TRD de-
tector system. All in all, the number of chambers to be 
produced at the GSI detector laboratory thus went up 
from 72 to 152, giving an additional 80 chambers. A sec-
ond production batch is in preparation by the ALICE 
TRD collaboration. Several technical improvements in 
details realized in this batch should facilitate production. 
With the experience that a chamber production rate of 
about 1.5 per week is indeed feasible should no other un-
foreseen problems come up, the project will continue dur-
ing all of 2007 and possibly into early spring of 2008. 
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Mass Test and Electronics Integration of ALICE TRD chambers at IKF
Frankfurt
M. Kliemant , H. Appelsha¨user , C. Blume , W. Amend , A. Fick , M. Hartig , H. Hinke ,
M. Kessenbrock , F. Kramer , W. Sommer , D. Wegerle , and A. Wiesena¨cker
Fachbereich Physik der Universita¨t Frankfurt
Since 2006 the IKF is one of the main production sites
for the ALICE Transition Radiation Detector(TRD). In
Frankfurt we build 25 ot the L0C1 chamber type. The
other drift chamber types are constructed at four other
production sites: at NIPNE Bucharest(Romania), at JINR
Dubna(Russia), Heidelberg(Germany) and GSI. During
and after the production we test the chamber quality be-
fore electronic integration. From July till December 2006,
a new laboratory for the electronic integation of the TRD
chambers was equipped at the IKF Frankfurt Fig. 1. The
production of TDR padplanes ends in January 2007. The
TRD is one of the main detectors in the ALICE experiment,
the dedicated heavy ion experiment at the Large Hadron
Collider(LHC) at CERN Ref. [1]. This detector is com-
pound from 18 supermodules, each of them contains 30
TRD chambers. Each chamber has a 4.8 cm thick radiator,
attached to it a gas chamber with a 3 cm long drift region
and a 0.7 cm amplification gap. The induced charge is read
out at the back via copper pads.
As a result of detector geometry the detector consists of
12 different chamber types. The smaler chambers have a
lower number of readout chanels so the C1 chambers are
fitted with eight readout boards and the C0 chambers with
six readout boards, wich are build by MCM and tested
in Heidelberg. All different chamber types can be equipt
Ref. [3] with seven diferent types of readout boards. The
readout board is a 6-layer board, which connects multi-
chip modules. The MCM module carries a PASA and
an ADC/Digital chip (TRAP). These boards have essential
functions: amplifing and shaping, digitizing and sending of
data. During the integration may not be none of this readout
boards bent more then one percent of his length, because
the board is so thin that it can’t support his own weight.
The slim thickness is important for a very short radiation
length, to prevent the detector form secondary reactions.
With some different electronic tests as pedestal-test (noise
level), pulser-test and longtime stability-test we can check
the performance of all MCMs on one chamber. The inte-
gration of these readout electronics and the elaborate op-
timisations of the noise performance done during the year
2005 are described in Ref. [2]. The most time-consuming
part in the integration procedure, gluing of coling pipes on
each heat generating chip Fig. 2. After gluing, each elec-
tronic test be done again, to be sure that no MCM is broken
during the gluing procedure. All chambers will transfered
to Mu¨nster for assembling of the supupermodules.
Figure 1: Electronic test stands for the ALICE TRD cham-
bers with Pulser and low voltage suport
Figure 2: Cooling pipes glued on readout boards, DCS-
board in background
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Electron/pion identification with fast TRD prototypes
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We report results obtained in beam tests of fast Transi-
tion Radiation Detector (TRD) prototypes. Such a TRD,
envisaged for electron/pion identification, is part of the
setup of the CBM detector at FAIR [1]. To cope with the
envisaged rates of up to 100 kHz/cm2, we have chosen as
detectors multi-wire proportional chambers (MWPCs) of 6
mm thickness, with anode wires of 20 μm diameter with
a pitch of 2 and 3 mm. Transition radiation (TR) is pro-
duced in radiators composed of polypropylene foils of 20
μm thickness (d1), regularly spaced by a distance (d2) of
either 200 or 500 μm, with the number of foils Nf of 220
or 120, respectively. For an efficient absorption of TR, the
counting gas is Xe-CO2 [85-15]. The signals are readout on
pads of 8×15 mm2 and amplified with a 16-channel ASIC
preamplifier/shaper especially designed in 0.35 μm CMOS
technology. The signals are sampled with a 25 MHz ADC
(8 bit, nonlinear). The measurements are performed at GSI
with secondary beams with momenta of 1 and 1.5 GeV/c.
Two segmented scintillator detectors are used for beam def-
inition and for rate and time-of-flight measurements. Elec-
trons are identified with respect to hadrons using a Pb-glass
calorimeter and an air-filled Cherenkov detector. The beam
profile is monitored using two Si-strip detectors. The MBS
data acquisition system [2] is used.
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Figure 1: Average signals for pions and electrons.
An example of average signals is shown in Fig. 1 for
the momentum of 1.5 GeV/c. The long tails are due to
the slow-moving Xe ions created in the gas avalanche. The
TR, produced only by very fast particles (γ >1000), is pro-
duced at this momentum only by electrons [3] and leads to
a significant increase of the signal, which is essential for
improving the electron/pion separation.
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Figure 2: Measured charge spectra for pions and electrons
of 1.5 GeV/c. The lines denote simulations.
In Fig. 2 we show the spectra of energy deposited in
our detector for pions and electrons of 1.5 GeV/c. The
Landau spectrum corresponding to the ionization energy
loss (dE/dx) is, in case of electrons, complemented by the
TR contribution, clearly visible in the spectrum around 10
keV. The absolute energy calibration has been done using
the pion spectra with respect to simulations [4], shown in
Fig. 1. These simulations reproduce very well the spectral
shape for pions, but are describing the TR part only approx-
imately. The measured TR appears to be softer than in the
simulations.
The spectra measured with one layer (Fig. 2) allow us to
simulate the electron identification capability of a TRD as
a function of the number of layers. The results are shown
in Fig. 3 for two momenta and for two radiators (character-
ized by d1/d2/Nf ). An improvement in the e/π separation
is seen at 1.5 GeV/c compared to 1 GeV/c due to the strong
increase of the TR yield for electrons [3], which overcomes
the relativistic rise of dE/dx of pions [4]. For higher mo-
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Figure 3: Extrapolated electron/pion identification perfor-
mance as a function of the number of layers.
menta the e/π separation gradually degrades (a factor of 4
worse pion rejection is expected for 10 GeV/c [5]) due to
the saturation of the TR yield beyond 2 GeV/c [3] and the
pion dE/dx relativistic rise [4]. As seen in Fig. 3, the re-
jection power (expressed as π efficiency at 90% electron
efficiency) is comparable for the two radiators. The ra-
diator with larger Nf is expected to produce a larger TR
yield, but it appears that its smaller foil gap (d2=200 μm)
leads to a smaller TR yield per foil compared to the radia-
tor with d2=500 μm. This makes the latter option a more
suited choice, both because a lighter radiator is prefered in
a tracking TRD (as envisaged in CBM [1]) and because of
easier manufacturing and less sensitivity to foil gap nonuni-
formities.
In Fig. 4 we show an example of the dependence on the
measured energy deposit spectra for hadrons and electrons
for different local rate values. From these results we could
conclude that the effect of high rates appears as pile-up, not
perfectly rejected through our segmented scintillator detec-
tors, rather than producing a reduction of the signal, ex-
pected if space charge was present.
In Fig. 5 we present the rate dependence of the electron
identification with respect to hadrons as measured with one
layer at the momentum of 1.5 GeV/c. While the study
of e/π− separation could only be done at low rates (10
kHz/cm2), the high rates are achieved with a positive beam.
In this case, the beam content is dominated by the protons
and, due to their larger energy loss, the electron separation
is in this case clearly worse. The separation is not much
influenced by rate, but a degradation occurs beyond 100
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Figure 4: Energy deposit spectra for hadrons and electrons
for different local rate values.
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Figure 5: Rate dependence of the electron separation with
respect to hadrons as measured with one layer.
kHz/cm2. Extrapolated to 10 layers this implies a reduc-
tion of the hadron rejection by a factor of about 3 at our
highest rates. The trend is similar for the detectors with
anode wire pitch of 2 and 3 mm.
This work is partially funded by the EU Integrated In-
frastructure Initiative Project HADRON PHYSICS under
Contract No. RII3-CT-2004-506078. We acknowledge the
help from G. Augustinski, M. Ciobanu, N. Kurz and Y.
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Global Tracking Unit for ALICE TRD
J. Cuveland1, V. Angelov1, V. Lindenstruth1, and F. Rettig1
1KIP, University of Heidelberg, Germany
Introduction
The ALICE TRD Detector employs 1080 optical links
for data readout. The FEE chips (TRAP [1]) form a readout
tree running at 8 bit 120 MHz double data rate. The track-
let and raw data are sent over the Optical Readout Inter-
face (ORI) at 2.5 Gbit/s. The Global Tracking Unit (GTU)
serves as data receiver and fast track finder and contributes
to the L1 trigger decision. Finally, after L2 accept the com-
plete event is sent optically to the DAQ.
Tracking algorithm
Tracking is performed by projecting all track segments
to one virtual plane in the middle of the detector layers [2].
A track is found if the number of the tracklets in a sliding
window in the virtual plane is not less than 4. The algo-
rithm is optimized for implementation in large FPGAs.
Architecture
The GTU is built hierarchically, see Fig.1. The first stage
is the TMU (Tracking Matching Unit) with 12 input opti-
cal links, a large FPGA for tracking and fast SRAM for
buffering of up to 5 events. 90 such modules are connected
to the 90 stacks of detector modules. Each stack consists
of 6 chambers with 2 links each. The second level in the
hierarchy is the SMU (concentrator board). It collects the
information from 5 TMU boards or the 5 stacks in a super-
module. The 18 SMU boards send raw data to the DAQ
and tracking data to the Trigger Unit Board (TRU), the fi-
nal stage of the GTU. The TRU produces the TRD trigger
decision and sends it to the CTP within 6.1 us after the in-
teraction.
Developed Electronic Modules
All types of boards (TMU, SMU and TRU) have the
same layout, but slightly different assembly. The first pro-
totype was successfully tested with the first super-module
as receiver of the optical links (Fig. 2). The configuration
of the GTU, as well as the distribution of the BC clock and
trigger is performed by DCS boards, one per SMU. The
board design is close to final, some additional smaller sub-
modules are under development.
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Figure 1: Global Tracking Unit (GTU) architecture.
Figure 2: First prototype of the TMU. 90 of these PCBs
will be used in the final setup.
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Introduction
The Transition Radiation Detector (TRD[?, ?]) is one of
the main detector components of the ALICE experiment[?]
at the CERN LHC (Geneva). 18 TRD super modules will
cylindrically surround the large ALICE Time Projection
Chamber in the central barrel of the experiment. The TRD
consists of 540 large area drift chambers and 1.18 mil-
lion analog channels, which are digitized during the 2 µs
drift time. 65664+5184 multi chip modules (MCMs), each
equipped with a preamplifier/shaper, an ADC, digital filters
and four processors, perform on-detector integrated signal
processing and store and forward the event data.
The first TRD super module was constructed and deliv-
ered to CERN in 2006.
Electronics Integration and Noise
Performance
The ALICE TRD is composed of large drift chambers
with drift direction perpendicular to the wire planes (ra-
dial in ALICE). The drift chambers are constructed at five
different production sites at NIPNE Bucharest (Romania),
at JINR Dubna (Russia), at the Universities of Frankfurt
and Heidelberg (Germany) and at GSI (Germany). 30
drift chambers were shipped from the different construc-
tion sites via GSI to the University of Heidelberg, where
they were equipped with readout electronics and inserted
into the super module hull.
Eight or six readout boards are mounted on each drift
chamber, depending on the chamber type (C1 or C0). Each
readout board holds 16 data taking MCMs which are di-
rectly connected to 18 readout pads each via short signal
cables. Thus a C1 (C0) chamber holds 128 (96) MCMs in
16 (12) rows. The MCMs are water cooled by Al pipes run-
ning on top of each MCM. The integration of the readout
electronics and the optimisations of the noise performance
done during the year 2005 are described in Ref. [?]. Fig.
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Figure 1: Noise values in the 128 MCMs of a C1 type
chamber for layer one of the super module. For each MCM
we show the average of 100 events, 21 ADC channels and
30 time bins. The Φ-axis runs along the wire direction
across the 144 pads of one pad/MCM row. The z-axis runs
along the beam axis in the ALICE experiment.
?? shows an example plot of the noise values achieved in
the 128 MCMs of a C1 type drift chamber prior to instal-
lation in the super module hull. The average noise level
for all drift chambers is 1.18 ADC counts (pedestal filter
only), where one ADC channel corresponds to 1050 elec-
trons. These values are very close to the expected ones and
do not change significantly inside the super module.
In total we suffered from 12 dead MCMs (0.32%), 127
high noise ADC channels (0.2%), adding to 12×21+127 =
379 unusable ADC channels (0.52%).
Super Module Assembly and Cosmics Data
Readout
The 30 drift chambers are arranged inside one super
module in six layers and five longitudinal (z-direction)
stacks. During summer 2006, the first super module was
assembled. After inserting the five chambers of one layer,
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Figure 2: TRD super module hull with five drift chambers
(before mounting of the cooling pipes) inserted in layer 0.
the performance of all chambers in this and the layer below
was verified. Fig. ?? shows the super module with five drift
chambers in layer 0.
A lot of emphasis was put on careful routing of power ca-
bles (Readout board and Detector Control System power),
high voltage cables (in total 60), trigger fibers (in total 30),
readout fibers (in total 60), ethernet cables and JTAG flat
band cables (both for Detector Control System). Moreover
30 temperature sensors and 12 × 6 = 72 voltage sensors
were added to the super module. The final weight of the
super module is 1700 kg.
Further tests comprised a gas leak tightness test
(13.5 ml/h for the full super module) and measurements of
the power consumption at different trigger rates: 3323 W
configured and idle, 3623 W at 1.5 kHz L1 Accept rate, and
3802 W at 150 kHz L0 Accept rate (pedestal filter only1).
After finalising the assembly of the super module, its
performance was tested with cosmics tracks. Three scin-
tillators were arranged so that high multiplicity cosmics
events could be recorded with a rate of about two per
minute. The drift chambers were filled with an Ar, CO2
(15%) mixture and high voltage was applied by a Mas-
ter/Slave distribution system specifically developed at the
University of Athens, Greece (drift voltage 1450 V, anode
voltage 1450 V). Fig. ?? shows one event of high multi-
plicity in the six drift chambers of one stack.
Super Module Installation
After transportation to CERN on September 27, the
module was tested on the surface using cosmic rays before
1With tail and gain filters the values will increase slightly.
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Figure 3: Cosmics tracklets in the six layers of stack three
of the super module. The tracklets can be connected to
form tracks. A simple reconstruction (clusterization) was
applied. We show a projection of the found clusters onto
the plane perpendicular to the z-axis (beam axis).
Figure 4: The first TRD super module together with a TOF
module (Time Of Flight Detector, the thinner module to the
left) in the space frame of the ALICE experiment.
it was lowered into the ALICE cavern on October 9. The
final installation took place one day later.
First beams are expected for November 2007; then two
more super modules are planned to be ready. They are
currently being constructed at the Universities of Frank-
furt (electronics integration) and Mu¨nster (super module
assembly), Germany.
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Motivation
For the planned Compressed Baryonic Matter (CBM)
experiment prototypes of Transition Radiation Detectors
(TRD) were developed and tested. The TRD will be used
for particle tracking and identification of high energy elec-
trons and positrons for J/Ψ reconstruction.
Due to the fixed target geometry of the CBM experi-
ment (see . Friese et al.,this report) particle rates of 100
kHz/cm2 are expected for the innermost part of the first
TRD station. At this rates a reduction of the effective gas
gain of the TRD may appear due to build up of charge in
the counting gas. Since the electron id is based on the sig-
nal amplitude, it is important for the TRD that the gain
stays constant up to the highest expected particle rates. We
present here results on this issue. The tested prototypes are
very thin MWPC with an anode-cathode distance of only
3mm and a anode-wire pitch of 2mm with pad readout.
This design is a compromise between the requirement of
fast signals on the one hand and the necessity to absorb
transition radiation photons on the other hand.
Setup
The measurements are performed using a X-ray tube to
produce photons of an energy of 8keV which is calibrated
using a 55Fe source. The produced X-ray beam is colli-
mated and attenuated with different sets of aluminum or
nickel foils before entering the prototype. The size of the
beam spot on the detector was measured to be 0.756 cm2
using a Polaroid film. The gas gain is defined as
G =
Ne−
final
Ne−primary
=
I
Ne−primary
· qe− ·R
(1)
where R is the absorbed photon rate in the detector, I the
measured current and Ne the number of primary electrons
produced by the X-ray photon. This number is taken from
measured data [1].
Results
Figure 1 shows the measured gain as a function of the
rate for a Xe-CO2 mixture at different initial gains. The
gain decreases with increasing rate due to the space-charge
effect, which results in the screening of the electric field
near the anode wire thus affecting the gain. The solid lines
are a fit to the data using Mathieson’s formula [2]
ln(G/G0)/G = KR (2)
where G0 is the gain at zero rate and K is a constant
which takes into account the chamber geometry and the gas
properties.
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Figure 1: Gain as a function of the rate for measurements
at different initial gains.
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Figure 2: Rates at a gain drop of 2% and 5% and an initial
gain of 5000.
Since the space-charge effect depends on the total charge
in the chamber, the gain drop depends on both the initial
gain and the rate. The dotted lines in Fig. 1 show constant
gain drops as a function of the rate.
The energy loss of a traversing particle is smaller than
the energy loss of a X-ray photon. Since in the CBM ex-
periment the majority of particles passing the TRD will be
minimum ionizing one has to calculate the rate of minimum
ionizing particles which will produce the same energy loss
than the X-ray photons in the test. This rates are shown in
fig. 2 for different gas mixtures at an initial gain of 5000.
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 We used a SystemC modeling platform [1] to 
investigate candidate architecture for the PANDA data 
acquisition and trigger (DAT) system. The system has to 
operate without a central trigger signal; instead a global 
clock will be distributed to the detector front-ends and 
used to mark the data [2]. The considered architecture is 
presented in Figure 1. The Detector Concentrator Boards 
(DCB), housing buffers with detector data, connect via  
switched networks, to farms of computing nodes, consti-
tuting three levels of the filtering system (L1, L2, L3).  
The first level operates in push mode: the DCBs 
initiate the transfer of the time-stamped data. Only objects 
found in the Local Feature Extraction process are sent to 
L1 significantly reducing bandwidth and rate 
requirements. The DCBs use  time stamps from the data 
to create the destination address of a L1 processing node. 
In this way all data with the same time-stamps will be 
sent to the same processing node. The range of time-
stamps sent to the same destination can be adjusted to 
avoid congestion in the network (in our model we 
assumed 600 ns). The L1, after a fixed delay allowing for 
various detector characteristics and fluctuating network 
load, starts to correlate data. To keep the L1 latency 
constant we plan to execute only simplified algorithms 
(using FPGA based computing nodes) and leave more 
complicated processing for the higher levels. Only 
positive decisions from L1 assigning event numbers to 
time-stamps are broadcast to the DCBs and are sent 
together  with L1 processing results to L2. 
L2 operates in pull mode and may request sequentially 
from various DCBs  more complete data if needed to 
make a decision.  In this way, the requirements for 
bandwidth and rate are reduced. L3 performs event 
building for the interesting time stamps by collecting data 
from all the DCBs. 
The DCB is the central component of the architecture, 
where the time stamped data from a number of front ends 
are received and kept during the filtering process. The 
main memory is segmented and the segments are released 
for new data when the L1 latency expires or negative 
decisions from the higher levels arrive. The references to  
segments with data are kept in internal structures indexed 
with time-stamps (L1) or event numbers (L2, L3). 
Positive decisions received by the DCBs will move 
references to higher level structures (L1-3 index), 
protecting segment data from being overwritten. Each 
board is equipped with three high speed links (10Gbps) to 
communicate with the levels of the filtering system. 
In Figure 2 we present first results from modelling. The 
simplified setup consisted of 5 DCBs  receiving data from 
5 PANDA detectors with negative exponential distribution 
with 100 ns average (corresponding to 10 MHz 
interaction rate). Only 5% of the data were sent to L1 (20-
fold reduction was assumed in local feature extraction). 
We used 240 μs fixed L1 delay after which 40 μs 
processing was started. In the figure we plot distribution 
of times when the positive L1 decision were received at 
the DCBs. As an example we show scalability of the 
architecture and various curves in the Figure 2 represent 
distributions for a variable number of the L1 processing 
nodes  
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Figure 1. Investigated architecture 
Figure 2. L1 latency distribution as function of the L1 
farm size 
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One of the PID-subdetectors of PANDA is a DIRC de-
tector. With a DIRC (Detection of Internally Reflected
Cherenkov photons) detector the velocity of relativistic
charged particles will be measured via the determination
of the angle of the Cherenkov cone. The installation of a
test setup for the radiator materials and first results are re-
ported.
Tests with laser light of different wavelengths showed
that the intensity strongly depends on the laser temperature.
Thus a temperature isolated and light tight box was built
that includes a controlled heating system and surrounds the
optical breadboard with the laser, two diodes and the ra-
diator to be tested. The latter and one of the diodes are
mounted each on two linear x-y-sledges.
To qualify and find the best radiator for the DIRC de-
tector two main properties of the radiator material have to
be tested, i.e. the percentage of Cherenkov photons lost
on the way to the photon detector and the accuracy of the
Cherenkov angle conservation. The observables are the ab-
sorbtion length and the internal reflection coefficient - a
measure for the surface roughness - and the material ho-
mogenity.
With the stabilization of the temperature beeing better
than 0.2◦C the accuracy of the measurement of the inten-
sity of the laser light was brought to an accuracy of better
than 1 permille. Radiator materials were investigated, i.e. a
bar from acrylic glass and a bar from fused silica (quartz).
The quartz bar (800mm × 35mm × 17mm) has such a
large absorbtion length that it couldn’t be measured with
this setup. The absorbtion length of the acrylic glass bar
(900mm×35mm×17mm) was determined to be 10m for
the red laser line at 635nm.
As a simple optical test a photo was made of millimeter
patterns through both the radiators under investigation. The
figure 1 shows about 40 reflexions in the quartz bar (top)
and in the acrylic glass bar (bottom). The latter reveals
clearly that this sample of casted acrylic glass is not suited
to conserve the Cherenkov angle information.
Therefore the search for alternative materials to replace
expensive fused silica radiators will be focused on extruded
acrylic glass samples.
∗Work supported by the European Community RESEARCH INFRAS-
TRUCTURES ACTION under the FP6 programme: Structuring the Euro-
pean Research Area - Specific Support Action - DESIGN STUDY (con-
tract 515873 - DIRACsecondary-Beams)
Figure 1: A picture of the internal refelexions in the
quartzbar (top) shows the quality of the bar and reveals an
unperfection at one of the edges. The picture of the acrylic
glass bar (bottom) exposes unhomogenities in the material
density.
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When relativistic highly charged ions pass atoms at 
even large distances, outside their electron clouds, the 
target is exposed to the shortest (sub-attosecond) and most 
intense (more than 1020 W/cm2) electromagnetic pulses 
available in laboratories. Thus, these “flashes of virtual 
light” represent a unique tool to study the many-particle 
quantum-dynamics of atomic systems on a time scale 
which is typically much shorter than the classical revolu-
tion time of bound electrons. Under these conditions, us-
ing a simple physical picture, the ionization process can 
be viewed as a weighted projection of the electronic 
bound state momentum distribution of the target onto the 
continuum, thus sensitively depending on the correlated 
many-electron initial state wave function. In order to en-
able such experiments, a fully equipped Reaction Micro-
scope was installed at the gas-target section of the ESR at 
GSI, the first one in a storage ring world-wide. The tech-
nique allows to record kinematically complete data sets 
by detecting all target fragments (electrons and the recoil 
ion) ejected in an atomic or molecular collision (for an 
overview see [1]) and has been successfully applied in 
various campaigns at the UNILAC [2, 3]. Compared to 
these single-pass experiments the advantages in the ring 
are numerous: The very high projectile charges and ve-
locities available at the ESR and the huge luminosity in 
combination with superior vacuum conditions enable to 
investigate multiple electron transitions and reactions 
with very small cross sections in unprecedented detail. 
In a first commissioning experiment in December 2006 
single and multiple ionization of neon and argon targets 
by 230 AMeV U90+ was investigated. In Fig. 1 the recoil 
ion time-of flight spectrum of argon ions is shown, which 
was obtained by measuring emitted electrons and recoil-
ing target ions in coincidence. Up to 8-fold ionization of 
argon was observed and up to three electrons were meas-
ured in coincidence in this run. 
In this pioneering experiment, the achieved momentum 
resolution, which is crucial to separate random coinci-
dences and to identify different collision mechanisms, 
was between 1 and 2 a.u. for the recoil ions, about one 
order of magnitude worse than it was in earlier experi-
ments. This can mainly be attributed to the rather large 
thermal and spatial spread of the ESR gas-jet and work is 
in progress to reduce the target temperature for the up-
coming beam times. For the electrons, which were re-
corded at extremely low background contributions, short 
projectile pulses provided by the ESR (bunch-length be-
low 5 ns) enabled us to achieve an excellent momentum 
resolution of 0.1-0.2 a.u.. A detailed analysis of the data is 
still in progress, but already within this first experiment 
the full operational capability of the newly installed in-
ring Reaction Microscope could be demonstrated. 
Figure 1: Time-of-flight spectrum of Ar ions created in 
collisions with 230 AMeV U90+ projectiles. 
Within the extended 2007 experimental campaign, with 
improved resolution, we will exploit the manifold oppor-
tunities of the setup. On the one hand, as indicated above, 
correlated electronic ground states of atoms and mole-
cules shall be explored and many-electron dynamics in 
relativistic collisions will be studied for the first time. 
Moreover, by investigating transitions, where the projec-
tile charge is changed as well, like in simultaneous target 
and projectile ionization or in radiative as well as resonant 
electron transfer reactions (REC and RTE), spectroscopic 
information about the structure of the highly charged pro-
jectile can be obtained. By measuring the transverse mo-
mentum transfer to the target core, the impact parameter 
dependences of all these processes become accessible. In 
combination with the ESR forward electron spectrometer 
[4] a further increase of the versatility is reached, ena-
bling to explore coincidences with fast emitted electrons. 
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Lorentz Invariance  
The core of special relativity (SR) as a theory of local 
spacetime is Lorentz invariance, which is one of the most 
fundamental symmetries of all modern descriptions of 
nature. Because of this fundamental role there is much 
interest in experimental tests of SR. 
Any deviation from SR would violate the Einstein rela-
tivity principle and can be e.g. described by a kinematical 
test theory (MS) [1, 2]. In the framework of this theory 
the time dilation effect can be used to probe the Lorentz 
invariance via the optical Doppler effect (so called Ives 
and Stilwell (IS) type experiments) [3]. Here the Doppler-
shifted frequencies νa,p are compared with the rest fre-
quency ν0 of a moving clock. In SR, these frequencies are 
given by the relativistic Doppler-formula  
νa,p = γSR(1±β)ν0, where the Lorentz factor γSR appears as 
a direct consequence of time dilation. The MS test theory 
parameterize possible deviations of time dilation by intro-
ducing a test parameter α by γ = γSR (1 + αβ2 + …). 
Storage Rings and Time Dilation  
Since storage rings provide ion beams of superb quality 
at high velocities they allow for IS experiments with in-
creased sensitivity. In the last decade time dilation was 
probed at the test storage ring (TSR) at the Max-Planck-
Institut für Kernphysik in Heidelberg using metastable 
7Li+ ions. There an upper bound of α < 2.2 × 10-7 has been 
achieved (at an ion velocity of 6.4%c) [4], which could 
most recently be lowered by another factor of about 2 [5]. 
Further improvements of this limit, however, will require 
higher ion velocities which are available at the ESR.
Feasibility of the time dilation experiment at the ESR 
with an ion velocity of v = 34%c (59MeV/u) was recently 
demonstrated: The lifetime of the metastable ions in the 
storage ring was close to the natural lifetime of the me-
tastable state and a Doppler width of the velocity distribu-
tion of δν = 1.09 GHz ± 0.08 GHz was observed (see 
Figure 1). But it turned out that the amount of stored ions 
in the metastable state is at most 0.1% of the total beam 
(and therefore in the range of < 105 ions).  
The laser systems for parallel and antiparallel excitation 
of the 7Li+ ions have been established. The high ion-
velocity induces a Doppler-shift in the parallel excitation 
scheme to λp = 386 nm. To reach this wavelength, a laser 
system was developed, that consists of a frequency-
doubled cw Ti:Sa laser. With an output power of about 
1W from the Ti:Sa laser, the frequency-doubled light 
power in the ESR will be in the mW range. The 386 nm 
light is guided with a 20 m photonic crystal fiber to the 
ESR. For anti-parallel excitation, a laser system consist-
ing of a second cw Ti:Sa laser (also pumped with another 
Nd:YAG laser) at a wavelength of λa = 780.2 nm was 
installed. The laser light is guided to the ESR incoupling 
window via a 50 m polarization-maintaining-fiber. The 
frequency determination of both laser systems is realised 
with a frequency comb synthesizer. The idea for the time 
dilation experiment is to simultaneously stabilize both 
lasers (λf = 771.5 nm and λa = 780.2 nm) to different 
modes of the comb. This provides the laser frequencies to 
an accuracy of about 200 kHz. 
Figure 1: upper right box: velocity distribution (in terms 
of frequency detuning) of the metastable ions in the ESR 
lower left box : Life time of the metastable ions in the 
ESR. 
For the control of the laser-laser-ion-beam overlap in 
the ESR, an additional observation window at a distance 
of six meters from the fluorescence detection region has 
been installed. This window has further advantages since 
fluorescence detection at a different position in the ESR 
offers the chance to gain information about systematic 
effects in the ring. 
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The twin crystal-spectrometer assembly, Bi-FOCAL,
operated in the FOcusing Compensated Asymmetric Laue
geometry [1] has been arranged for accurate x-ray spec-
troscopy at the ESR gas jet as schematically depicted in
ﬁgure 1. The goal of this experiment, conducted in a joint
effort with the development of suitable calorimetric low-
temperature detectors [2] is the measurement of the 1s
Lamb shift in a heavy one-electron ion as a test of QED
in the domain of strong ﬁelds.
Figure 1: The Bi-FOCAL crystal spectrometer arrange-
ment at the ESR gas jet.
In March 2006 the two kinds of spectrometers were
successfully operated together during a beam time using
bare Pb82+ ions in the ESR at a velocity corresponding
to β ≈ 0.59. In this run one of the FOCAL spectrome-
ters was equipped with a new two-dimensionally position-
sensitive Ge strip detector [3]. The latter has a 250 μm ×
1167 μm pitch structure where the ﬁne strips were oriented
horizontally, i.e. perpendicular to the dispersive direction.
It was demonstrated that the newly developed crystal op-
tics [4] in concert with the position sensitive detector can
cope with the low count-rate situation encountered. Back-
∗Work supported by EU, Marie Curie Fellowship Programme IHP un-
der contract number HPMT-CT-2000-00197 and EURONS contract No.
506065. D. Banas acknowledges the support by the Polish Ministry of
Education and Science under Grant No. 1P03B00629.
† h.beyer@gsi.de
ground could be effectively reduced, ﬁrst by proper shield-
ing facilitated by the existence of a polychromatic focus
and secondly by making use of the time and energy resolv-
ing capabilities of our detectors.
Figure 2 shows a two-dimensional image of the Lyman-
α1,2 doublet of hydrogen like Pb81+. The slanted lines
observed for the ﬁrst time are the experimental proof of
the underlying x-ray-optical design. This way spectral re-
solving power can be retained also for fast moving sources.
Coming in pairs the x-ray optics will provide Doppler can-
cellation capabilities. To take full advantage of these fea-
tures for the next run, a second 2D detector is presently
under construction. Further improvements concentrate on
the long-term mechanical stability of the system required
for the high accuracy demanded.
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Figure 2: Lyman-α doublet of Pb81+ recorded with the new
2D Ge strip detector.
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   K-shell ionization of Li-like high-Z projectiles occur-
ring in ion-atom collisions has been found recently to be a 
highly selective mechanism for the population of singly 
excited states (1s2s) in He-like ions [1,2]. They decay to 
the ground state via M1 (23S1-11S0) and 2E1 (21S0-11S0) 
transitions (Fig. 1). Most important, this process allows 
one to measure the undistorted two-photon energy distri-
bution for the 2E1 decay of the [1s2s] (1S0) state, which is 
of particular interest for a decisive test of theoretical pre-
dictions. A study of the two-photon decay along the 
isoelectronic sequence of He-like ions probes uniquely 
our understanding of the interplay between relativistic 
effects and electron electron corrections on the structure 
of simple few-electron atomic systems. Extending our 
previous experiment on He-like uranium to the medium Z 
regime, we present here first data of the two-photon decay 
energy distributions in He-like tin (Z=50).  
 
    Figure 1: Binding energies of the He-like Sn levels and the 
decay modes of the 21S0, 23S1 states with their lifetimes (s) are 
given.  
 
   The experiment was performed at the storage ring ESR 
with 300 MeV/u Li-like tin ions (Sn47+) colliding with N2 
and Ar targets. For the details of the experimental setup 
we refer to [1]. In Fig. 2a we present a preliminary spec-
trum measured by a Ge x-ray detector in coincidence with 
the up-charged Sn48+ ions. The spectrum is dominated by 
an intense line at 25.65 keV corresponding to the M1 de-
cay of the [1s2s] 3S1 state and a broad continuum towards 
lower energies representing the 2E1 decay of the [1s2s] 
1S0 level. Note, the two-photon decay shape is symmetric 
to the middle point where it reaches its maximum. The 
absence of x-rays lines from the decay of the 2p or higher 
states ensures that there is no intra/inter-shell excitation 
simultaneous with the K-shell ionization (compare [1-3]). 
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              Figure 2: (a) Preliminary projectile x-ray spectra (pro-
jectile frame) for Sn47+→ N2 collisions measured in coincidence 
with ionization (Sn48+). The spectrum was recoded at 350 obser-
vation angle (b) Higher-energy half of the spectrum along with 
the fitted line and theoretical distribution (see text).          
 
Because of the symmetry of the two-photon distribu-
tion, we concentrate in our data analysis on the high en-
ergy part, above the middle point, only. Here, for a de-
tailed analysis of the spectrum shape, only the relative 
detector efficiency has to be considered. As a preliminary 
result we compare in Fig. 2 the measured spectral distri-
bution with a most recent theoretical prediction based on 
the MCDF approach (compare shaded area) [4]. The data 
analysis is currently in progress. 
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It was previously shown [1] that for high-Z systems the
elementary process of photoionization is studied best in in-
verse kinematics by utilizing its time-reversed reaction, the
radiative electron capture (REC) in energetic ion-atom col-
lisions. For studying these processes the internal gas tar-
get of the ESR storage ring has been shown to provide an
unique tool [2].
The experiment was performed in the ESR by using de-
celerated bare uranium ions at an energy of 96.6 MeV/u. In
the interaction chamber of the gas target, projectile x-rays
were produced in collisions with H2 molecules. By using
liquid nitrogen cooling, a density of about 2 · 1012 parti-
cles per cm3 was reached. The emitted photons were de-
tected by an array of solid state detectors at 10◦, 35◦, 60◦,
120◦ and 150◦ with respect to the beam axis. After passing
the target chamber, the down-charged ions were separated
from the beam by a dipole magnet and afterwards detected
by a Multi Wire Proportional Counter (MWPC) located at
the outer side of the ring.
By using the coincidence technique described in [3] we
obtained the spectrum shown in figure 1. The spectrum
contains several lines arising from REC into projectile K-
shell, the L-subshells, and the M-shell. Even REC into the
N-shell appears to be well resolved from O- and higher
shells demonstrating the superior resolution achieved in
this study. Electron capture into the excited states leads
to the characteristic Lyman transitions, appearing well pro-
nounced in the spectrum (Ly-α and Ly-β lines).
Figure 1: X-ray spectrum observed at 150 degree in the lab
frame in coincidence with down-charged projectile ions.
As an example, in figure 2 the measured cross sections
∗Work supported by I3 EURONS contract No. 506065.
for REC into a) the 1s1/2 and b) the 2p3/2 state are pre-
sented for various angles in the laboratory frame. The re-
sults were normalized and compared to fully relativistic
calculations (dashed lines). As can be seen in the figure,
the measurements are in very good agreement with the the-
oretical predictions.
Figure 2: Measured relative REC cross sections (dots) for
various angles in the lab frame in comparison to fully rel-
ativistic calculations (dashed lines): a) REC into the 1s1/2
state; b) REC into the 2p3/2 state
Recapitulating, in the present experiment the cooled hy-
drogen target at the ESR storage ring proofed its ability of
a stable long time performance. As the experimental reso-
lution for radiative processes occurring in heavy ions atom
collisions such as REC depends essentially on the target
electron momentum distribution (Compton profile), the use
of hydrogen is of particular advantage. Thereby, an excel-
lent resolution has been obtained for the REC transitions,
which even allowed to distinguish REC radiation for the N-
and M-shells.
References
[1] Th. Sto¨hlker et al., Phys. Rev. Lett. 86, 98 (2001)
[2] Th. Sto¨hlker et al., X-RAY AND INNER-SHELL PRO-
CESSES: 18th International Conference 506, 389 (2000)
[3] G. Weber et al., submitted to Journal of Physics: Conf. Ser.
(2007)
ATOMIC-PHYSICS-05
247
State-selective studies of radiative recombination at the ESR electron cooler 
R. Reuschl1,2, A. Gumberidze1,2, Th. Stöhlker1,2, D. Banas3, H. Bräuning1, C. Brandau1,  
H. F. Beyer1, S. Hagmann1,2, C. Kozhuharov1, A. Kubala-Kukus3, A. Kumar1,4, A. Simon5,  
U. Spillmann1,2, Z. Stachura6 , M. Trassinelli1,7, S. Trotsenko1,2 
1GSI, Darmstadt, Germany; 2 IKF, University of Frankfurt, Frankfurt, Germany; 3Swietokrzyska Academy, Kielce, Po-
land; 4Tata Institute of Fundamental Research, India; 5Jagiellonian University, Cracow, Poland; 6 INP, Cracow, Poland; 
7École Normale Supérieure, CNRS, Univ. Pierre et Marie Curie-Paris 6, France
Radiative Recombination (RR) is one of the most impor-
tant processes occurring in interactions of highly-charged 
heavy ions with free electrons. Here, the electron transi-
tion into a bound state of the ion is accompanied by emis-
sion of a photon, carrying away the energy difference 
between the initial and final electron states. At very low 
relative energies, electrons populate very highly-excited 
levels in addition to the ground and low-laying states. In 
this regime several interesting observations have been 
made during the last decade which are not fully under-
stood up to now [1,2]. 
In the present work we extend our former state-selective 
investigations of the RR process at the ESR electron 
cooler to the lowest beam energy used for this purpose up 
to now. In the following, some preliminary data and con-
clusions are presented.  
In comparison with the previous experiment, where we 
used bare uranium ions (U92+) at an energy of 43.95 
MeV/u [3], in this study an energy of as low as 15 MeV/u 
was chosen at the electron cooler device of the experi-
mental storage ring ESR. The cooling electrons recom-
bine radiatively with the U92+ ions emitting x-rays, which 
are detected by a solid state Germanium detector mounted 
4.1m downstream of the middle of the electron cooler [3]. 
The down-charged ions are separated from the beam in a 
dipole magnet of the ESR and then detected (in coinci-
dence with the x rays) by a MWPC particle detector. Fig-
ure 1 (left side) depicts the coincidence time-spectrum 
obtained at 15 MeV/u. The left peak in the spectrum 
stems from Lyman x-ray emission (L-shell to K-shell 
transitions) inside the electron cooler, whereas the second 
peak arises from ions, which capture an electron into a 
highly excited state and therefore do not decay immedi-
ately via the emission of Lyman-α x rays. Instead, the 
electrons cascade down and the characteristic Lyman pho-
tons are emitted delayed and closer to the x-ray detector, 
under an increased solid angle. Therefore, the second 
peak appears in the time-spectrum which was not fully 
separated in the former experiment at an energy of 43.95 
MeV/u. However, going to lower beam energies a gain in 
the time resolution is obtained due to the longer time of 
flight and the peaks appear well separated. The ratio of 
prompt to delayed events is higher for 43.95 MeV/u than 
for the lower energy. However, for the former case an 
error due to not fully separated peaks has to be taken into 
account. In addition, the relativistic solid angle correction 
results in a higher value for the photon emission rate of 
the promptly occurring events in the high energetic case. 
Hence, less promptly emitted photons are detected at 
lower energy. A correction of about 30% due to this effect 
has to be considered. In addition to these points, a modifi-
cation of a time-pattern of the Lyman emission due to 
contribution from higher n states (resulting from longer 
time of flight) at lower energy has to be taken into ac-
count. A more detailed analysis is currently underway. 
From the current status we can conclude, that even at 60 
% longer lifetimes (increased time of flight of about 100 
ns) characteristic Lyman x-rays stemming from cascade 
transitions of initially highly-excited ions continue to con-
tribute at a considerable level. Moreover, contrary to the 
former experiment, going to the lower energy allows us to 
clearly distinguish the time pattern of pure recombination 
events (into the K- and L-shell) from those of characteris-
tic transitions (either prompt or delayed: due to cascades 
from highly excited Rydberg states) (see right side of the 
fig. 1). This distinctive feature may offer novel possibili-
ties for the study of recombination processes inside the 
cooler with respect to the importance of high-lying 
Rydberg states.  
 
Figure 1: Coincidence time-spectrum recorded at a beam 
energy of 15 MeV/u (left side) and the corresponding 2D 
energy(channel) vs time spectrum.  
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In recent years resonance reaction spectroscopy (RRS)
by means of dielectronic recombination (DR) has been de-
veloped into a versatile tool for precision spectroscopy. At
the electron cooler of the ESR, three major lines of RRS
experiments are presently being pursued: (a) DR measure-
ments with a stochastically (pre-) cooled beam, (b) DR
isotope shift (IS) experiments with open L-shell ions, and
(c) the determination of 2s → 2p1/2 excitation energies
(’Lamb shift’) in heavy Li-like ions [1 – 4]. 2006 was
mainly governed by extended data analysis of previous data
taking runs. Substantial progress has been achieved for all
three categories:
(a) The use of a stochastically cooled or pre-cooled ion
beam for DR studies has opened the door towards higher
energies, thus allowing for the investigation of the most
fundamental DR processes with H-like heavy ions. The
prototype reaction is here the resonant capture of a free
electron into one-electron uranium U91+ with simultane-
ous K→L excitation of the bound electron (’KLn DR’).
Preliminary results for this reaction were reported in [1, 2].
A more refined data analysis was performed within the
scope of the diploma work of D. Bernhardt [3] showing
a particular sensitivity of the absolute DR rate coefficients
to relativistic effects on the capture rates, i.e., the Breit in-
teraction in the Auger matrix elements [5].
(b) For the extraction of the IS values of DR resonances as-
sociated with intra-shell 2s → 2pj excitations of Li-like
neodymium isotopes ANd57+ (A=142 and A=150) [2] a
novel evaluation method has been developed. Characteris-
tic points of the resonance spectrum like maxima, minima
and inflection points values are determined from the 1st and
2nd derivatives. Using this techniques one benefits from
the feature-richness of a DR spectrum (compare Fig. 1)
since all characteristic values possess the same IS, i.e. the
one of the corresponding core excitation 2s → 2p1/2 or
2s → 2p3/2. Furthermore, no prior knowledge or theoret-
ical input about the apparatus function or the structure or
shape of the DR resonances is needed. 7 independent IS
measurements were performed for the energy range (0-3.5)
eV, 3 for the range (12-24) eV and 1 for the energy range
(25-41) eV yielding in total ∼ 160 characteristic values for
the 2s− 2p1/2 IS and ∼ 60 for the 2s− 2p3/2 IS. The IS is
about 40 meV for the 2s−2p1/2 interval and about 42 meV
for the 2s− 2p3/2 splitting, resp. The determination of the
final values for the ISs and for the corresponding change
in the nuclear sizes as well as the analysis of statistical and
systematical errors is currently being performed.
(c) For Li-like 150Nd57+ DR data were obtained up to the
series limit of the 2s→ 2p1/2 excitation at about 139.2 eV
(Fig. 1). This offers the opportunity for a precise determi-
Figure 1: Dielectronic recombination of Li-like
neodymium 150Nd57+ in the energy range 0 - 145
eV. The initial dielectronic capture populates intermediate
doubly excited states with 1s22p1/2nj (n ≥ 18) con-
figurations up to the 2p1/2 series limit (∼ 139.2 eV) and
with 1s22p3/28j configurations. In the insert, for a better
visibility the data have been magnified by a factor of 5.
nation of this energy using the method of extrapolation of
Rydberg resonance energies En(1s22p1/2nj) to the series
limit n→∞ (see e.g. [4]). Up to now, Li-like ions provide
the most stringent tests of strong field QED [6]. Our new
value for Li-like Nd (Z=60) will bridge the large gap be-
tween the data for light and medium heavy elements up to
xenon (Z=54) [7] and the heaviest species Au (Z=79), Pb
(Z=82), and U (Z=92) [4, 6].
The new results are also very promising with respect to
FAIR: High intensities of stable and exotic beams and a
dedicated ultracold electron target at the NESR will fur-
thermore increase precision, sensitivity and versatility of
the ’swiss army knife’ RRS.
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The electron loss to projectile continuum cusp (ELC) 
permits to study the dynamics of the ionization for well 
defined shells of highly charged ions with emphasis fo-
cused on continuum states  very close to threshold. This 
provides very sensitive tests to assess the range of validity 
of first order theories [1] and has recently received new 
attention in view of unexpected observations [2].  
We have studied forward electron emission in two sys-
tems of different projectile Compton profile, U88+ + N2 
and Sn47+ + N2 collisions at the supersonic jet-target of the 
ESR storage ring. We report first results for 90AMeV Be-
like U88+ and 300AMeV Li-like Sn47+ measuring coinci-
dences between electrons around ve≈vProj and charge-
exchanged projectiles having lost one electron. Electrons 
were analyzed with the imaging forward electron spec-
trometer and charge-changed projectiles were detected 
with a multi-wire proportional counter (MWPC) after the 
first dipole following the target zone. 
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Figure 1a, b: Electron loss to continuum (ELC) cusp 
measured in 90AMeV U88+ + N2 and in 300AMeV Sn47+ + 
N2 collisions as function of the electron momentum pe. 
  
The ELC process was identified via coincidences of 
electrons emitted into a narrow cone around the projectile 
direction with charge state analyzed projectiles in charge 
state 89+ for incident U88+ ( Fig 1a) and 48+ for incident  
Sn47+ (Fig 1b). In the case of U88+ preliminary calculations 
showed that the total ionization cross section for 2s ioni-
zation of the projectile exceeds the cross section for 1s 
ionization of the projectile by more than an order of mag-
nitude so that the coincident electrons in the momentum 
range covered may be safely attributed to 2s ionization of 
the projectile. For 90AMeV U88+ the ELC-peak has a lon-
gitudinal full width half maximum (FWHM) of 5.6 a.u. of 
which 1.2 a.u. is instrumental. The peak is nearly sym-
metric close to the centre but exhibits notable slopes far 
away from the centre. Lacking theoretical estimates for 
double 2s-nl excitation we tentatively interpret the shoul-
ders as originating from 2s2-2pnl excitation with subse-
quent autoionization. 
For Sn there are at present no calculations for 1s and 2s 
ionization cross sections available. Considering the higher 
collision energy and the lower binding energies for Sn it 
is not possible to attribute the coincident electrons for 
incident Sn47+ to dominant 2s ionization as in the U case. 
The ELC peak width for the U88+ projectile is longitu-
dinally significantly narrower than for Sn even though the 
U(2s) and Sn(1s) Compton profile have nearly compara-
ble width.  
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Figure 2: The theoretical DDCS for 2s ionization for 
U88+ in 90AMeV U88+ + N2 as function of projectile frame 
emission angle and electron energy. 
 
In order to get deeper insight into the dynamics of pro-
jectile ionization, we performed also theoretical calcula-
tions for the double differential ionization cross section 
DDCS [3]. In fig.2, we display the DDCS for 2s ioniza-
tion of U88+ at 90AMeV; the emission pattern of the 
ejected electrons with very low kinetic energy ≤ 50eV is 
very smooth and exhibits only weakly enhanced humps at 
about 450 and 1350 in the projectile frame. In fact, such 
double-peak structure shall reflect the radial behaviour of 
the 2s wavefunctions since for the ionization of the 1s 
state (having the same symmetry properties) the DDCS 
has a single maximum at about 700 to 900 depending on 
the continuum electron energy. With increasing electron 
energy, however, the second peak vanishes and the 2s 
DDCS exhibits a strong electron emission predominantly 
in the forward directions.  
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Swift heavy-ion collisions offer a powerful tool to in-
vestigate a number of fundamental processes, e.g. REC/ 
photoionization (PI) [1] and (e,2e) for highly charged ions 
[2] in configurations which are not accessible otherwise. 
We have recently shown that the short wavelength limit 
of electron-nucleus bremsstrahlung (BS) [3] can be stud-
ied in a unique fashion by measuring differential cross 
sections for the radiative electron capture (RECC) into the 
projectile continuum in near relativistic collisions of 
highly charged ions with atoms [4]. In the projectile 
frame the RECC is the kinematic inverse of the electron-
nucleus bremsstrahlung at the short wavelength limit 
(SWL) [5]: a quasifree electron from the target is deceler-
ated from velocity vproj to v≈0 while emitting a photon of 
energy Ex= (γ-1)mc2. Fano and Pratt [6,7] emphasize that 
the short wavelength limit of BS is very closely related to 
PI and may serve as precision probe for the active elec-
tron's wavefunction in the extreme E-fields in the imme-
diate vicinity of the nucleus. 
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Fig.1: X-ray spectrum detected at θ=900 coincident 
with forward electrons with ve≈vProj compared with the-
ory, a random x-ray spectrum is included for comparison. 
The calculated photon spectrum is obtained from the four-
fold differential cross section by integration over the for-
ward electron acceptance cone and the energy resolution 
of the spectrometer. 
 
We have investigated in the ESR the forward electron 
emission in 90AMeV U88+ +N2 collisions and measured 
coincidences between electrons around ve≈vProj and x- 
rays. Electrons were analyzed with the imaging forward 
electron spectrometer and x-rays were detected with a Ge 
x-ray detector at 900 with respect to the beam axis. In the 
coincident x-ray spectra (Fig.1) we observe for the very 
first time nearly exclusively photons from the short wave-
length limit of the electron-nucleus bremsstrahlung, cor-
roborating the identification of coincident electrons as 
emerging from the RECC channel. We found a strong 
asymmetry of the coincident RECC electron momentum 
distribution which is skewed towards the high energy side 
of the electron spectrum (Fig.2), as predicted by theory. 
This asymmetry is opposite to the one found for the non-
radiative electron capture to the continuum ECC [5]. We 
note that the half width of the RECC cusp on the low 
momentum side is only 1.5 a.u, compared to 3.5a.u. for 
the nonradiative ECC. 
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 Figure 2 Radiative electron capture to the projectile con-
tinuum in 90AMeV U88+ + N2 collisions as a function of 
the electron momentum pe in a.u. (lower scale) or as func-
tion of the electron momentum in units of p0, i.e. the mo-
mentum of an electron travelling with projectile velocity. 
The full curve represents the result of the relativistic im-
pulse approximation folded with the instrumental resolu-
tion. The experimental cross section is normalized to the 
maximum of the theoretical cross section. 
 
  The shift of the peak of the theoretical curve to higher pe 
is attributed to a contribution in the experimental spec-
trum from electrons captured into Rydberg states of the 
projectile and field ionized in the spectrometer. This sup-
plemental part of the electron spectrum is centred at 
projectileelectron vv
rr
= , its inclusion in a theoretical calcula-
tion, not consistently feasible within the present approach, 
would tend to reduce the difference between the experi-
mental and theoretical peak positions. We will test the 
theoretical predictions [5] of a very strong collision en-
ergy dependence of the observed cusp asymmetry.  
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In near relativistic collisions of heavy ions and atoms 
there is a transition region where radiative (RECC) and 
non radiative (ECC) transfer processes to the projectile 
appear with comparable cross sections. This is a particu-
larly interesting case for studying the dynamics of these 
processes as in both cases initial and final states are the 
same and the only difference is the additional radiative 
degree of freedom in the RECC channel. Whereas the 
RECC is uniquely identified by coincidences between 
forward emitted electrons around projectileelectron vv
rr
=  
and bremsstrahlung photons, the double differential cross 
section DDCS for the non radiative transfer ECC U88++N2 
→U88++ eCusp +{N2+*} can only be derived indirectly as in 
a storage ring no coincidence measurement of cusp elec-
trons with projectiles not having undergone a charge ex-
change in the collision is possible. We have thus meas-
ured for 90 AMeV U88++N2 all pertinent channels: coinci-
dences of electrons around projectileelectron vv
rr
=  with 
bremsstrahlung photons and charge exchanged projectiles 
U89+, U87+, respectively (see fig.1). In a given number of  
detected forward emitted electrons the fraction of elec-
trons associated with projectile loss (ELC) and transfer 
ionization (TI) is completely determined from the coinci-
dences with the charge exchanged projectiles nloss(U89+) 
and ncapt(U87+),respectively,  and detected in multi wire 
proportional counters MWPC behind the first magnet 
downstream from the target zone. Theoretical angular 
distributions for electron nucleus bremsstrahlung and the 
simultaneously measured RECC permit to calculate the 
total fraction of forward electrons associated with the 
RECC. After subtracting these channels the relative cross 
section for non radiative capture to continuum ECC is 
derived (see fig 2).  
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Figure 1: Top-view of the experimental set-up at the su-
personic jet target area of the ESR with 00-forward elec-
tron spectrometer, charge exchange projectile MWPCs 
and the HpGe x-ray detector at 900 with respect to the 
projectile beam. 
 The observed FWHM of 7 au implies a significantly 
broader slope of the cusp than the corresponding one for 
the RECC which has a low momentum slope half width at 
half maximum of 1.5 au. We find reasonable agreement 
of the ECC line shape with the relativistic impulse ap-
proximation except in the high momentum slope further 
away from the cusp centre. In this region contributions 
from simultaneous excitation +capture with subsequent 
autoionization in the projectile (thus resulting in an un-
changed charge state of the projectile) would be found. 
The slight asymmetry of the ECC cusp towards small 
electron momenta is in agreement with theory. 
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Figure 2 Non-radiative electron capture to the projectile 
continuum in 90AMeV U88+ + N2 collisions as a function 
of the electron momentum in a.u. (lower scale) or as func-
tion of the electron momentum in units of p0, i.e. the mo-
mentum of an electron travelling with projectile velocity. 
The full curve represents the result of the relativistic im-
pulse approximation folded with the instrumental resolu-
tion. The experimental cross section is normalized to the 
maximum of the theoretical cross section. 
 
 For low collision energies in the non-relativistic re-
gime[1] the ECC is known to exhibit a much stronger 
asymmetry  as observed here but also with higher inten-
sity on the low momentum side; for asymptotically high 
collision energies the dominance of s-continua is expected 
to lead to a symmetric ECC cusp[1]. In the medium colli-
sion energy range as in the current case, the weak asym-
metry is, however, attributed by theory to an absence of 
coherence for the contributing s-, p- and d- partial 
waves/1/. In subsequent experiments the strongly velocity 
dependent asymmetry of the ECC will be investigated 
over a wide range of collision velocities. 
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In continuation of our previous studies with swift highly
charged Xe-ions[1] we analyzed the multiple ionization
and fragmentation of N2O in collisions with 3.6 MeV/u
Au50+-ions. The experiment has been performed at the
UNILAC accelerator at the GSI using a position- and time-
sensitive multi-particle detector [2] which allows the co-
incident measurement of the momenta of correlated frag-
ment ions. Of special interest are the “Coulomb-explosion”
processes, as e.g. N2O −→ Nq+ + NO+ or N2O −→
N+ + N+ + O+, where the mutual Coulomb repulsion of
the fragment ions plays an important role in the fragmenta-
tion dynamics. If all fragments from a particular fragmen-
tation are detected, a kinematically complete study of the
molecular break-up process is possible [3, 4] and the ki-
netic energy release as well as angular correlations can be
derived for each individual event.
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Figure 1: Fragmentation geometry (of event No. 3) and
kinetic energy release (KER) distributions of coincident
N+ +N+ +O+ fragment-ions observed in collisions with
3.6 MeV/u Au50+-ions. The arrows in the spectra indicate
the kinetic energies corresponding to “event No. 3”.
For fragmentation into three charged particles the frag-
mentation dynamics may be analyzed in terms of three in-
dependent parameters. A practical choice of the charac-
teristic variables consists of the kinetic energy release and
the two angles χ and θv in velocity space. Fig. 1 shows
the definition of these angles. Although N2O is a “linear
molecule” it is initially bend due to molecular vibrations
and thus the fragmentation is in general not a collinear pro-
cess, i.e. the resulting θv values are well below 180◦ [4].
The geometry in Fig. 1 shows the velocity vectors and an-
gles corresponding to a particularN++N++O+ event and
the kinetic energy distributions of the individual fragment-
ions. In qualitative agreement with a simple point charge
model the nitrogen ion in the middle position receives a
comparatively small kinetic energy whereas the outer N+
and O+ ions roughly emerge with similar momenta in op-
posite directions (Fig. 1).
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Figure 2: Total kinetic energy release (KER) of coin-
cident Np+ + Nq+ + Or+ fragment-ions in collisions
with 5.9 MeV/u Xe18+ (—), 5.9 MeV/u Xe43+ (· · ·), and
3.6 MeV/u Au50+-ions (- - -).
Fig. 2 shows the total kinetic energy release spectra of
selected complete three particle fragmentation processes.
Due to the asymmetric N–N–O structure the inner and
outer nitrogen atoms are not equivalent, and thus three
different fragmentation channels arise in case of four-
and five-fold ionization. All distributions show a simple
structure with one maximum. Apart from variations in
the relative cross sections no striking differences between
5.9 MeV/u Xe18+, 5.9 MeV/u Xe43+ , and 3.6 MeV/u
Au50+-impact was observed in the three particle processes.
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Recent results at the SHIPTRAP Penning trap mass spectrometer∗
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The Penning trap mass spectrometer SHIPTRAP (fig. 1)
is installed after the Separator for Heavy Ion Products
(SHIP) and provides mass values for short-lived radioac-
tive nuclei with relative uncertainties between 1 · 10−7 and
1 · 10−8.
RFQ cooler
and buncher
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Penning trap
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Penning trap
gas cell
SHIP
ion
production stopping
beam
preparation
mass mea-
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separation
Figure 1: The functional units of the SHIPTRAP setup.
The radionuclides are produced in fusion-evaporation re-
actions at a few MeV/u energy. The reaction products are
separated from the primary beam in the velocity filter SHIP.
The energy of the reaction products is then degraded from
≈100 keV/u to ≈10 keV/u in a μm-thin titanium window
before they are stopped in 50 mbar helium in a buffer-gas
cell. The radioactive ions are then accumulated in a linear
RFQ trap and transfered to a purification Penning trap for
accumulation and mass selective cooling with a resolving
power up to m/Δm = 105. After the transfer of the puri-
fied ion ensemble to a second (high-precision) Penning trap
the ion cyclotron frequency νC = qB/(2πm), and hence,
their mass, is determined. This is done with a resolving
power of up to 106, enough to separate low-lying isomeric
states.
In 2006 three experiments have been performed to ac-
cess nuclei important for the astrophysical rp-process. A
0.5 mg/cm2 thick 58Ni target was irradiated with 58Ni, 52Cr
and 40Ca beams. With beam energies of 4 MeV/u for Ni
and Cr, and 5 MeV/u for Ca 34 different nuclei were pro-
duced and investigated. The analysis of this data has been
finished. The previously well-known masses have been re-
produced and hence confirm the quality of the SHIPTRAP
data together with a very good overall consistency. In total
∗Work supported by EU, EURONS contract No. 506065., and HGF,
contract number VH-NG-033 and VH-NG-037
† presently: NSCL/MSU, East Lansing, USA
‡ presently: University of Jyva¨skyla¨, Finnland
nine mass values have been measured for the first time and
the SHIPTRAP values now replace the previously only es-
timated ones. The newly measured values also influence a
number of mass values that are linked to the measured ones
via α- and β-decay energy measurement. All together, the
changed mass values are now used as input to astrophysical
network calculations performed in collaboration with the
National Superconducting Cyclotron Laboratory (NSCL)
in East Lansing (USA).
In December 2006 measurements were performed to
investigate the performance of the gas cell: the over-
all efficiency as well as the stopping range distribution.
The alpha emitter 152Er was produced in the reaction
116Sn(40Ar,4n)152Er. The alpha decays counted with a sil-
icon detector were used to monitor the beam intensity in
front of, within and behind the gas cell. Furthermore, a
movable silicon detector provided information on the stop-
ping range of the Ar-beam in 50 mbar helium gas. The data
are presently being analysed.
In order to increase the resolving power and the preci-
sion of a mass measurement a new excitation scheme has
been investigated. In place of the ordinary quadrupolar ex-
citation applied in the measurement trap an octupolar ex-
citation scheme was introduced. The first results promise,
aside of the expected improvement due to the higher fre-
quency, an increased resolving power due to the narrowing
of the resonance (fig. 2).
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Figure 2: Time-of-flight (TOF) versus frequency curves
taken with 133Cs+ ions for quadrupolar rf-excitation (left
panel) and octupolar rf-excitation (right panel) of 100 ms
duration. The solid line is a fit of the theoretical function
to the quadrupolar data and a Gaussian function to the oc-
tupolar data. Also given are the full-width-half-maximum
values in Hz.
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High-precision mass measurements on neutron-rich nuclides with ISOLTRAP∗
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The Penning trap mass spectrometer ISOLTRAP allows
the investigation of short-lived nuclides with half-lives well
below 100 ms and production yields of less than 1000
ions per second. Situated at the on-line isotope separa-
tor ISOLDE at CERN, several hundred exotic nuclides are
available for mass measurements with a current limit of the
relative mass uncertainty of 8 × 10−9. In recent years a
number of chains of neutron-rich radionuclides of different
elements have been studied [1]. The corresponding atomic
mass values contribute to the investigation of nuclear struc-
ture and the r-process in nucleosynthesis [2]. Furthermore,
atomic masses of superallowed beta emitters have been de-
termined, which are relevant for fundamental studies [3].
In 2006 the mass-measurement campaign concentrated
on the neutron-rich nuclides 57−63Mn, 112−121Ag, and
114−126Cd, as well as the light nuclides 26Al and 38Ca.
The latter two are of interest for testing the conserved-
vector-current hypothesis of the Standard Model. In order
to reach the required relative mass uncertainty of the order
of 1 × 10−8, a new excitation scheme has been applied as
presented in [4].
In addition, neutron-rich iron nuclides have been studied
for the first time at ISOLDE. Although refractory elements
do not diffuse out of the ISOLDE targets due to their ele-
mental properties, it was possible to produce 61−63Fe in the
preparation Penning trap of ISOLTRAP (see Fig. 1 (a)) by
use of the in-trap decay method [5]. Mass-selected man-
ganese nuclides 61−63Mn from the ISOLDE target were
stored in the trap and after a storage time of one second,
to let the Mn ions decay, the created iron daughter nuclide
ions were stored in the buffer-gas environment. As an ex-
ample, the decay scheme of 61Mn is shown in Fig. 1 (b).
The potential well of up to 100 V and long storage times
allow for an efficient collection of the daughter recoil ions.
After additional cooling the iron nuclide ions were trans-
ferred to the precision trap for the determination of the cy-
clotron frequency. In Fig. 1 (c) a resonance of 61Fe+ is
plotted, where the solid line is the fit of the line shape to
the data points. The data analysis is in progress.
∗Work supported by BMBF (contracts no. 06GF151, 06MZ215, and
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Figure 1: (a) Electrode configuration and trapping po-
tential along the axis of the preparation Penning trap of
ISOLTRAP. (b) Decay scheme of 61Mn and its daughter
61Fe. (c) Cyclotron resonance of 61Fe+, which has been
produced by use of the in-trap decay method [5].
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The triple-trap mass spectrometer ISOLTRAP installed
at the on-line facility ISOLDE/CERN is dedicated to high-
precision mass measurements of radioactive nuclides. It
reaches a relative mass uncertainty of below 10−8. In a
Penning trap an ion with a charge-to-mass ratio q/m is
stored in a strong homogeneous magnetic field B0 com-
bined with a weak electrostatic quadrupole field. The mass
measurement is performed via the determination of the cy-
clotron frequency νc = qB0/(2πm). To this end, the
ion motion is, after a series of preparatory steps, probed
by a pulse of quadrupolar rf-radiation. The effect on the
ion motion depends on the frequency, duration, amplitude
and time-structure of the pulse and is detected by a time-
of-flight cyclotron-resonance technique. Instead of using
the conventional one-pulse excitation with a continuous ex-
ternal rf-field we implemented time-separated oscillatory
fields, known as Ramsey’s method, in order to reduce the
line width of the resonance and thus the statistical uncer-
tainty of the extracted resonance frequency [1]. In compari-
son to the conventional excitation scheme the statistical un-
certainty has been improved by more than a factor of three
using identical cycle times for the excitation and an identi-
cal frequency range. In the context of short-lived and rare
produced radionuclides this opens the opportunity to reach
a certain level of precision ten times faster. Cyclotron res-
onances of 38Ca19F+, using both the conventional scheme
as well as the Ramsey type scheme, are shown in Fig. 1.
This year the new technique was applied the first time
in an on-line measurement at ISOLTRAP to determine
the masses of 26,27Al and 38,39Ca. The masses of 26Al
and 38Ca are used for testing the conserved-vector-current
hypothesis (CVC) of the Standard Model of fundamen-
tal interactions, which postulates a vector-current part of
the weak interaction unaffected by the strong interaction.
Thus, the decay strength of all superallowed 0+ → 0+ β-
decays is independent of the nuclei except for theoretical
corrections [2]. Here, a relative mass precision of 10−8 is
required. The result of the mass measurement of 38Ca [3]
is in agreement with the literature value [4]. Further on
we addressed the Q-value of the astrophysically important
reaction 39Ca(p, γ)40Sc. This and the other masses are
∗Work supported by BMBF, contract No. 06MZ215 and 06GF186I,
Helmholtz association, contract No. VH-NG-037.
† george@uni-mainz.de
presently analyzed.
Figure 1: Time-of-flight cyclotron resonance for
38Ca19F+. For the conventional resonance (a) a con-
tinuous excitation of 900 ms is applied. In (b) the
two-pulse Ramsey scheme was chosen with two 100 ms
duration excitation periods interrupted by a 700 ms waiting
period. The solid curve is a fit of the theoretically expected
line shape to the data [5].
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The heavy ion trap facility (HITRAP), which is shown in 
fig.1 and is being built in the re-injection channel between 
ESR and SIS will provide unique beams of highly 
charged ions up to bare uranium at very low energies for a 
large variety of experiments. At the HITRAP facility the 
ions, produced by the GSI accelerator facility, will be 
decelerated in two stages down to energies of the keV-
range and will be captured in a large Penning trap [1]. In 
the first stage deceleration in the ESR down to 4 MeV/u 
will take place while electron cooling keeps the high 
beam quality in terms of emittance. Further deceleration 
down to 6 keV/u is planned with a linear rf-accelerator 
[2]. The HITRAP decelerator linac employs a double drift 
buncher (DDB) for phase focusing, an interdigital H-type 
(IH) structure as energy booster and a 4-rod Radio 
Frequency Quadrupole (RFQ). At its low energy side a 
de-buncher will reduce the final energy spread in order to 
improve the injection efficiency into the cooler Penning 
trap. The efforts concerning HTRAP concentrated on the 
infrastructure, the rf-cavity and lens design and 
construction, the design and construction of the low beam 
energy section and simulations of the cooler trap 
operation. 
The HITRAP LINAC 
After completion of the beam dynamics calculations of 
the HITRAP decelerator from the ESR towards the cooler 
trap, the design of the magnetic quadrupole lenses and the 
rf-cavity design has been performed using the CST 
Microwave Studio (MWS) code. The rf-simulations 
covered the two coaxial quarter wave resonators for the 
double drift buncher (DDB), the interdigital-H-type (IH) 
booster structure, a two-gap spiral re-buncher of the inter 
tank matching section towards the RFQ, the RFQ 
resonator and  a two-gap spiral de-buncher at the RFQ's 
exit [3]. The MWS simulations are required to determine 
rf-parameters of the cavities such as shunt impedance, 
quality factor and gap voltages. In addition, the resonator 
geometry has been varied until the right resonance 
frequency was met. With MWS, the geometry of the tuner 
plungers, the frequency tuning range and the required 
coupling loop size has been determined in advance.  
Table 1 summarizes results of the MWS simulations. The 
results of the MWS simulation effort delivered the 
required data for the mechanical design of all cavities. 
Using the results of the beam dynamics calculations, the 
construction of the magnetic quadrupole lenses could be 
started. 
The RFQ tank has been delivered to GSI in the beginning 
of 2006. After copper plating it has been shipped to 
Frankfurt University for assembly and rf-tuning (Fig.2). 
Concerning the resonant structure of the RFQ, the 
quadrupole electrode modulation has been milled and the 
stems and ground plate have been delivered to IAP 
Frankfurt. The surfaces of all RFQ-components have been 
cleaned and the assembly on an optical bench is 
proceeding. The final adjustment of the electrodes will 
follow. The two cavities of the DDB at the high-energy 
end of the HITRAP linac have been manufactured and 
delivered to GSI in September 2006 (Fig.3). Prior to the 
copper plating of the structures, the rf-parameters have 
been determined at IAP Frankfurt including bead pull 
measurements. The resonance frequency of the 4-gap 
buncher cavity without plunger was measured to be 109 
MHz. Using a capacitive dummy plunger, the measured 
tuning range was 2.9 MHz and the tuning sensitivity 
16 kHz/mm. A plunger depth of 11 cm was necessary to 
reach the design frequency. The variation of the gap field 
strength is less than 1%. The measured resonance 
frequency of the 2-gap buncher cavity was 216.6 MHz. 
An inductive tuning will be used, which allows a tuning 
range of 1.84 MHz. The measured tuning sensitivity was 
26.3 kHz/mm and 1.7 cm plunger depth was necessary to 
reach the design frequency. The field flatness is 
significant good as well. The rf-measurements of both 
cavities are in very good agreement with MWS 
calculations. 
 
Cavity Shunt 
 impedance  
Q-value required 
rf-power 
DDB 4-gap cavity 
108.408 MHz 
 64.8 
MΩ/m 
13700 1.6 kW 
DDB 2-gap cavity 
216.816 MHz 
42 MΩ/m 10900 0.6 kW 
IH-structure 285 MΩ/m 25700 175 kW 
Re-buncher 10.5 MΩ/m 3900 1.5 kW 
RFQ 150 kΩm 3600 120 kW 
De-buncher 17 MΩ/m 1700 0.2 W 
Table 1: Calculated rf-parameters of the linac cavities. 
 
For the 2-gap spiral re-buncher of the inter tank section 
between IH-structure and RFQ a buncher cavity from GSI 
_______________________________________  
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stock has been adapted to the right beam energy range. 
The resonance frequency has been adjusted to 
108.62 MHz by reducing the drift tube length. The gap 
size is 10 mm. With a capacitive dummy plunger a tuning 
range of 4 MHz has been determined. The final tuning is 
in preparation. 
 
  
Figure 2: Pictures of the RFQ and the resonant 
quadrupole electrode structure. 
 
Figure 3: Pictures of the DDB cavities. Left: 108 MHz, 4-
gap buncher. Right: 216 MHz, 2-gap buncher. 
The vacuum tank and the drift tube structure of the IH-
structure have been ordered. In addition, the inner tank 
quadrupole triplet lens, which is housed in a large drift 
tube inside the IH-cavity, has been ordered. Design 
drawings of the drift tubes and the IH-vacuum tank have 
been submitted to GSI and the drift tube structure is in 
production. The design of the inner tanks lens is almost 
completed.  
The de-buncher at the exit of the RFQ has been built in 
the workshop of the IAP Frankfurt and has been copper 
plated at GSI (Fig.4). Preliminary rf-measurements have 
been done before copper plating using a tuning plunger 
with 35 mm diameter. 
 
 
Figure 4: Picture of the De-buncher cavity, which is 
connected to the RFQ vacuum tank. 
The measured tuning range was 2 MHz. The resonance 
frequency of 108.408 MHz is reached at 25 mm distance 
of the tuner from the spiral. The tuning sensitivity is 25 
kHz/mm at this position. Due to the very low gap voltage 
of 400 V required for de-bunching, the resonator will be 
operated off resonance with a few watt rf-power. 
Figure 1: Overview of the HITRAP beam line in the re-injection channel. 
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The HITRAP low energy section 
The design, construction and test of the HITRAP low-
energy section are performed in parallel to the work on 
the HITRAP linac. The main component of the low-
energy part is the cooler Penning trap. Extensive 
numerical simulation calculations are under progress in 
order to determine essential parameter of the electron 
cooling and resistive cooling process. In particular 
extraction of the cooled ion cloud and the distribution of 
the ions at the entrance of the vertical beam line are of 
further interest for beam transport calculations and the 
experiments. 
All essential elements of the trap, the 6T-magnet, the 
electrode structure, the power supplies and the amplifiers 
are under construction. All essential parts of the magnet 
including the SC-coil have been completed. The low-
energy beam transport line between RFQ and cooler trap 
has been designed in collaboration with the Fraunhofer 
Institut (FEP) in Dresden. Two vessels of the beam line 
have been delivered to GSI and are prepared for baking 
tests. The remaining vessels have been ordered. The 
complete setup is planned to be installed at the electron 
beam ion source “MAXEBIS” test bench at GSI. The 
MAXEBIS can deliver Ne or Ni-like heavy ions for 
offline commissioning and tests of beam line components 
and of the complete HITRAP low-energy section. In first 
MAXEBIS test-beam operations spectra of Xe and Ar-
ions have been taken which revealed the A/q-values 
required for tests of the cooler trap for Ar [4].  
The vertical beam line (VBL) and the beam lines on top 
of the re-injection channel will guide the ions from the 
cooler trap towards the experiments. The beam lines have 
been designed with respect to particle beam dynamics and 
vacuum generation. Two prototypes of the UHV-
diagnostic of these beam lines has been developed and 
built by the KVI Groningen. The diagnostic comprises a 
Faraday cup and a MCP-beam-profile detection, which 
are mounted on a single stepper motor driven 
feedthrough. Measurements showed that fluorescence 
screens which are used at GSI are not sensitive enough to 
measure profiles of low energy beams with typical beam 
intensities which are expected in the HITRAP VBL [5]. 
Therefore the HITRAP low energy diagnostic will use 
MCP based profile diagnostic devices. 
HITRAP infrastructure 
The crucial element of the HITRAP infrastructure is the 
HITRAP supply platform located west of the Re-Injection 
Channel. The platform has been completed and equipped 
in 2006. The platform houses the HITRAP rf-system, the 
electric power distribution, 300 kW in total, and the 
cooling water distribution. Racks for the electronics of the 
vacuum system, diagnostics, networking, beam line 
elements and controls are located in two containers. The 
power cables towards the magnetic quadrupole lenses, the 
rf-power lines and low level rf-cables have been placed. 
In addition all required cable trays have been installed in 
the re-injection channel. 
HITRAP commissioning 
The commissioning of the HITRAP linac will be 
performed in steps for each section. The beam 
development and commissioning of HITRAP focus on the 
following issues: 
 
• To measure and optimize the beam quality behind 
each cavity section of the HITRAP decelerator linac 
via emittance and energy analysis. 
• To shorten the ESR cooling and ramping time to 
about 10 s per cycle and to compress of the ions 
longitudinally in a bunch of approximately 1 μs 
length. 
• To optimize the beam transfer from the ESR towards 
the linac entrance and to optimize the beam 
transmission through the linac according to the 
design calculations. 
 
For a proper tuning of the linac cavities, which comprises 
the right power level and the settings of the phase delay 
between the cavities, measurements of beam quality at the 
exit of the different cavities are required. The 
measurement of the transverse beam quality will be done 
via emittance measurements using the GSI emittance 
meter based on the “single shot pepper pot system”. 
Measurements with the single shot pepper pot system 
using beams from the MAXEBIS have already been 
performed, but the beam intensity and beam energy were 
not sufficient to perform real emittance investigations. 
Therefore, beam tests at the HLI-UU beam line will be 
performed in comparison to non destructive emittance 
measurements using a quadrupole doublet lens and a 
profile monitor. The micro-bunch length will be measured 
with a set-up based on diamond detectors. The diamond 
membranes have been purchased and are available at GSI. 
Vacuum material and the required low loss cables for the 
setup are available as well and a printed board, which will 
carry the detectors, is in preparation. With help of the 
bunch length measurements the adjustment of the right 
phase and amplitude of the different cavities can be 
simplified. 
References 
[1] T. Beier et al., HITRAP Technical Design Report, 
GSI Darmstadt, 2003, http://www.gsi.de/documents/ 
DOC-2003-Dec-69-2.pdf 
[2] L. Dahl et al., “The HITRAP-DECELERATOR for 
heavy highly-charged ions”, proceedings of the 
LINAC04, Lübeck, Germany, 2004, p.39. 
[3] O. Kester et al., “Deceleration of highly charged ions 
for the HITRAP project at GSI”, proceedings of the 
LINAC2006, Knoxville, TN, USA, 2006. 
[4] H. Zimmermann et al., „Charge breeding exploration 
with the MAXEBIS”, this report 
[5] H. Ernst, "Detektorentwicklung für langsame 
hochgeladene Ionen für HITRAP", diploma thesis, 
Universität Mainz, November 2006. 
ATOMIC-PHYSICS-15
259
A Penning trap for laser spectroscopy of cold, trapped, highly-charged ions
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The HITRAP facility will soon provide highly charged
ions (HCI) at very low energies and offers unique possi-
bilities for laser spectroscopy of hydrogenlike and lithium-
like heavy ions. We are currently developing a dedicated
Penning trap and laser system for this task in close col-
laboration with the Imperial College London, and the TU
Darmstadt. This trap will be operated with a Helmholtz-
type superconducting magnet. A similar setup, called RE-
TRAP, has been developed previously at Lawrence Liver-
more National Laboratory and was later transferred to the
Lawrence Berkeley National Laboratory. It was formerly
used by Prof. Dieter Schneider (LLNL/LBNL) and Prof.
Dave Church (Texas A&M University) to re-trap highly-
charged ions (HCI) extracted from an Electron Beam Ion
Source (EBIS) [1, 2]. RETRAP uses a superconducting
magnet (6 T) that has both radial and axial access to the
centre of the cold (4 K) bore, which are unique features
necessary for our experiments. Owing to strong support,
especially by Dieter Schneider, we got the definite approval
for the transfer of the RETRAP setup from LBNL to GSI
in 2006.
In the past, several interesting and pioneering experi-
ments with HCI and, for example, laser-cooled Be ions
have been performed with this setup. Gruber et al. [3]
found crystallisation of 136Xe44+ inside the laser cooled
Be+ cloud, and observed a preferential ordering of the ef-
ficiently cooled Xe-ions inside the centre of the cloud. In
Februar 2007 the setup will be packed and shipped to ar-
rive at GSI in spring 2007, where it will be installed on a
platform next to the re-injection channel close to the new
HITRAP facility [4].
The setup will then be equipped with a new Penning trap
that has been developed and constructed at Imperial Col-
lege in London by the group of Prof. Richard Thompson
(see Fig.1). The trap will be loaded with slow, cold HCI
provided by HITRAP and facilitates high-precision laser
spectroscopy measurements of ground state hyperfine split-
tings in HCI [5, 6]. The M1-transitions in these ions are
laser excited along the trap axis (cooled ion motion) and
the fluorescence is detected perpendicular to this motion
aided by the radial access of the Helmholtz-type magnet.
The estimated accuracy of measurements of hydrogen- and
lithium-like bismuth ions will finally allow a test of higher-
order QED (calculations) up to a few percent [7, 8].
The Penning trap was gold-plated at GSI and assembled.
A picture of it is shown in Fig.1. The central electrode is
realized with a mesh to allow photon detection in the radial
direction. To cool the ions resistively, a resonant LC cir-
cuit will be attached to the endcaps in the low-temperature
environment. It is expected that ion temperatures of about
4 K can be reached, resulting in a Doppler width of a few
10 MHz. A vacuum chamber was constructed to hold the
trap. It is equipped with four viewports in the radial detec-
tion and one at the lower end of the trap to shine in laser
light along the trap axis. We have started to test ion loading
from an external source into the trap, but in absence of the
magnet, we can only operate the trap as a radiofrequency
trap.
Figure 1: Photograph of the ‘spectroscopy trap’ for RE-
TRAP. This experiment is part of the HITRAP projekt.
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The MAXEBIS (MAX Electron Beam Ion Source) is an 
ion source optimized for the production of highly charged 
ions. Central part of the ion source is an IrCe filament 
driven electron gun. The electron beam is guided by a 
magnetic field (max 5T) of a superconducting solenoid. 
Through the longitudinal and transverse confinement the 
EBIS ion source is ideal for charge states breeding proc-
ess of externally injected ions as it is used for radioactive 
beam facilities like CERN/ISOLDE. 
The MAXEBIS [1] has at present two tasks. It is used as 
a test injector for the HITRAP cooler trap [2], which is an 
essential part of the HITRAP project and for offline tests 
of the whole low energy beam line. This setup is prepared 
outside GSI at the Heckhalle. After the test period the 
MAXEBIS will be moved to GSI, and will be included in 
the HITRAP beam line as an offline and test injector dur-
ing GSI accelerator shutdowns or for commissioning pur-
poses. The second task is dedicated to investigations of 
advanced charge breeding methods in the framework of 
EURONS und EURISOL-DS (European Isotope Separa-
tion On-Line Radioactive Ion Beam Facility). Here the 
goal is to apply known ion source techniques in order to 
improve the critical charge breeding issues, like effi-
ciency, beam quality and purity.  
In 2006 the MAXEBIS setup has been completed and 
became operational for magnetic mass analysis and exter-
nal injection using a surface ion source and an Ar-sputter 
gun. The completed setup is shown in figure 1. 
 
Fig. 1: Setup of the MAXEBIS for charge breeding ex-
periments and as the test injector for the HITRAP cooler 
trap and RETRAP. 
 
First injection tests have been performed and the TOF-
analyser has been used to determine charge bred ions. 
Figure 2 shows a TOF spectrum of the extracted MAXE-
BIS beam while Argon ions are injected from the sputter 
gun. The arrow marks Ar9+ which is clearly visible in the 
spectrum. To demonstrate that the Argon peaks belong to 
the injected beam, the same spectrum has been taken with 
external Argon-beam off, which is shown in fig.3.  
 
Fig.2: Argon TOF spectrum from the MAXEBIS of ex-
ternal injected Argon ions with max. charge state q=9+. 
 
Fig. 3: TOF spectrum while a faraday cups stops the ar-
gon beam. 
In conclusion, first measurements with external injection 
has been performed. Next steps will be measurement of 
efficiency and emittance during the next beam tests.  
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Electron Cooling of highly charged ions in HITRAP∗
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Electron cooling of highly charged ions in HITRAP[1]
is studied within the following set of coupled equations
(see [2] and references therein) describing:
(i) the transfer of the energy lost by an ensemble of Ni
trapped ions with charge Ze to Ne trapped electrons
Ni∑
µ
dEµ
dt
=
Ni∑
µ
M
dVµ
dt
· Vµ = −dEe
dt
!= −3
2
NekB
dTe
dt
,
(ii) the heating of the electrons and their cooling by
synchrotron radiation (with a time constant τ ≈ 0.1 s
for B = 6 T) to an ambient temperature of T0 = 4 K
dTe
dt
(t) = − 2
3kBNe
Ni∑
µ
dEµ
dt
(t) − 1
τ
(Te − T0) ,
(iii) the motion and deceleration of the ions
M
dVµ
dt
= F [ne, Te(t), B, Vµ]+ Ze
(
−∇Φ + Vµ × B
)
.
Here F is the stopping force on an ion due to collisions
with magnetized electrons which is taken from the mi-
croscopic calculations of Ref.[3], and Φ is the electric
potential in the trap generated by the external elec-
trodes and the space charge ﬁeld of the trapped elec-
trons. These coupled equations are solved numerically.
This provides Vµ(t) and Te(t) which are then used for
additionally calculating the radiative ion-electron re-
combination rate and a surviving probability PRR,µ(t)
for each ion, see [2] for details.
The potential Φ has been fully taken into account in
a view test cases [4]. These calculations showed that
the actual potential Φ can be replaced by an eﬀective
stopping force of 0.25 · F , where the factor 0.25 can
be interpreted as an eﬀective extension of the electron
cloud with respect to the trap length. This simpli-
ﬁed treatment was used to calculate the time evolu-
tion of the ion energy 〈Ei〉, the electron temperature
Te and the surviving probability 〈PRR〉 for diﬀerent
highly charged ion species shown in Fig.1. These runs
were performed for a cloud of Ne = 1010 trapped elec-
trons of a density of ne = 108 cm−3 and an ensemble of
500 ions, representing (after proper scaling) Ni = 105
trapped ions. The resulting cooling times are of about
half a second with radiative recombination losses of
 15%. Rather remarkable are the small spreads in the
cooling times (center) and recombination losses (bot-
tom) in view of the leading order Z2-scaling of both the
stopping force and the radiative recombination rate.
But the (initially) higher energy loss of the higher
∗Work supported by the BMBF (06ER145)
charged species causes a stronger heating and larger
electron temperatures Te (top), and this feeds back to
the stopping force and recombination rate which are
both decreasing here with increasing Te.
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Figure 1: Temporal evolution of Te (top), 〈Ei〉 (center)
and 〈PRR〉 (bottom) for diﬀerent highly charged ions
at B = 6T, ne = 108 cm−3, Ne = 1010 and Ni = 105.
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Development of an X-Ray Crystal Spectrometer for Intra-Shell and Balmer
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We present the characterization of an x-ray CCD camera
of the new Bragg spectrometer for future experiments at
the ESR storage ring within the SPARC collaboration [1].
Such an instrument will be specially adapted to radiation
in the energy range of 1 to 10 keV. It will be used to de-
terminate the n = 2 Lamb shift in highly charged ions via
the high–accuracy measurements of intra-shell and Balmer
(Doppler shifted) transitions. The spectrometer operates in
the Johann geometry with a spherically bent Si(111) crystal
and a position sensitive x-ray detector. Preliminary tests of
the spectrometer movement controls have been performed
in the S´wie¸tokrzyska Academy (Kielce, Poland) and two
x-ray tracking simulations have been developed indepen-
dently for the study of the instrument [2, 3]. In Septem-
ber 2006 the spectrometer has been moved to GSI and
the first characterization of the position sensitive detector
has been performed. The x-ray detector is a deep deleted
and back illuminated Charged Couped Device (CCD) pro-
duced by Andor (DY420-BR-DD). It consists of an array of
1024×256 square pixels with a dimension of 26×26μm2.
The depletion region of this detector is 40 μm, which as-
sures a quantum efficiency of about 90% for 3-4 keV pho-
tons. As demonstrated in a recent publication [4], the
charges created in the depletion region by an incoming x-
ray can be collected by two and more pixels. For the correct
treatment of the data, a charge distribution analysis, i.e, a
cluster analysis, is required. For this propose, we have de-
veloped a new program in Fortran95 and C to readout the
raw data of the CCD and further to generate energy spec-
tra and position distributions of the detected x-rays with
or without cluster analysis. Preliminary tests of the cluster
analysis has been done using 57Co and 241Am radioactive
sources. In particular for our energy range, the Kα, β lines
of iron and γ-rays from the cobalt source, and the L x-ray of
neptunium from the americium source sere used. As shown
in Fig. 1, the spectrum without cluster analysis is character-
ized by the presence of charge splitting events visible as an
almost uniform energy distribution on the low-energy side
of the Fe Kα peak. Using the cluster analysis, events cor-
responding to a charge deposited in two or more pixels can
be taken into account to increase the signal–to–background
ratio. The resolution obtained for the iron Kα line is about
250 eV, considerably better than that presented in Ref. [4]
due to the lower CCD working temperature (−76 ◦C in the
present case). Such a low temperature has been obtained
with an external water cooling system (water at 10 ◦C) cou-
∗m.trassinelli@gsi.de
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Figure 1: Energy spectrum of the Kα, β iron x-ray and
γ-ray lines obtained with a cobalt 57Co (6.4, 7.1 and
14.4 keV). The three spectra are obtained without clus-
ter analysis (top), considering clusters with 1 and 2 pixels
(middle) and from 1 to 4 pixels (bottom).
pled with the CCD’s built-in Peltier module. In the next
months we will install and use the new x-ray tube equipped
with a molybdenum anode to test the Bragg spectrometer
and, in particular, to characterize the silicon crystal.
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Iodine vapour cells have been used in many classical 
spectroscopy experiments in the last decades. This is due 
to the fact that iodine vapour provides very rich absorp-
tion spectra in the visible to the infrared wavelength re-
gime and that additionally the natural line widths of these 
lines are in the range of 100 kHz. This established iodine 
vapour as an ideal spectroscopic reference, providing ac-
curacy better than 10-9. The measurements of the charge 
radii of the lithium isotope chain up to 11Li [1] as well as 
the test of time dilatation in special relativity are just two 
recent examples for such experiments at GSI.  
For the charge radius measurement of the lithium iso-
topes, a two-photon spectroscopy experiment has been 
carried out at GSI and TRIUMF [1]. This allowed a 
charge radius determination with a precision better than 
2%, using the charge radius of 7Li measured by electron 
scattering experiments as an input parameter. The refer-
ence radius uncertainty currently limits the charge radii 
accuracy of the unstable isotopes.  
During these measurements, the laser system was 
locked relative to the a1 line of the X1Σ+g → B3Π+0u 
R(114)2-11 transition. Today, such atomic references are 
often replaced by photonic techniques. Since the com-
mercial distribution of frequency combs they have been 
established as state of the art laser spectroscopy reference 
systems. In 2006 a fibre laser based frequency comb be-
came operational at GSI. Measuring the absolute transi-
tion frequency of the iodine transition allowed us to ex-
tract the absolute frequency of the 2s-3s two-photon tran-
sition in the lithium isotopes. This is of interest since an 
increased accuracy in the theoretical calculation of the 
transition frequency will enable a determination of the 
absolute nuclear volume effect and, hence, an absolute 
charge radius based solely on optical measurements.  
The measurement of the iodine transition frequency 
was performed with the diode laser system that was used 
in the on-line lithium measurements. The laser frequency 
was locked to the a1 hyperfine component of the R(114)2-
11 and then measured with a frequency comb (MenloSys-
tems FC 1500) that was referenced to a FS725 rubidium 
standard (Stanford Research Systems). Experimental con-
ditions like iodine pressure, cell temperature, etc. have 
been varied to investigate systematic effects. The main 
contribution stems from the relative uncertainty of the 
comb, which was estimated to ~6·10-10. The result for the 
absolute transition frequency is listed in Table 1.  
Further checks of systematic errors were performed by 
measuring the transition frequency with a second setup 
that was operated at GSI. Here we were able to use the 
reference iodine cell of the lithium experiment as well as 
a second cell from the University of Mainz. The line was 
here probed with a continuous Coherent 899 tita-
nium:sapphire ring laser system. Results from these 
measurements are also listed in Table 1. With the tita-
nium:sapphire system a frequency ≈ 260  kHz higher than 
measured with the diode laser system was found. Even 
though the values agree within uncertainty it has to be 
considered that the dominant part in the uncertainties is of 
systematic origin and related to the rubidium clock that 
was used in both measurements. Thus, the uncertainties 
are correlated and cannot explain the discrepancy. We 
assume that it is caused by not locking the diode laser 
exactly to the zero crossing of the dispersion signal. Such 
an offset does not influence the isotope shift measure-
ments but has to be considered in the absolute frequency 
determination. Thus, an additional uncertainty of about 
260 kHz was assumed (second uncertainty in the table 
value. The additional measurement with the Mainz iodine 
cell showed an even higher frequency. A difference of 
about 250 kHz was found for three different iodine transi-
tions that were investigated [2] and is accounted to a 
higher amount of impurities in the GSI cell.  
Determination of the lithium frequencies must be per-
formed on the basis of the measurement with the diode 
laser system and results in a transition frequency of 
27206.09404 (9) cm-1 which is in good agreement with a 
previous measurement of 27206.09420 (10) cm-1 [3]. The 
uncertainty of the lithium transition frequency will be 
further reduced by a direct measurement of the lithium 
transition relative to the comb. In order to further reduce 
the uncertainties of the rubidium standard and therewith 
the frequency comb, a GPS receiver system will be in-
stalled at GSI and linked to the rubidium standard. This 
will provide an optical reference with a precision in the 
regime of 10-12 or better for further applications at GSI.  
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Table 1: Intercomparison of iodine frequency measurements with different experimental setups 
 
laser system diode laser titanium:sapphire titanium:sapphire 
iodine cell GSI GSI Mainz 
frequency / kHz 407 815 136 650 ± 240 ± 260 407 815 136 910 ± 300 407 815 137 150 ±300 
* this work is supported by EURONS (European Commission Contract No. 506065), by BMBF Contract No. 
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Determining the g-factor of a single, isolated
(anti)proton in a double Penning trap results from an
accurate measurement of its cyclotron and spin precession
frequency. The Larmor frequency can be determined
by inducing radio frequency transitions between the two
spin states and detecting the resulting spin state in the
magnetic bottle field of the analysis trap [1]. The spin
direction is monitored by measuring the respective axial
frequency non-destructively with a high-Q tank circuit.
The cyclotron frequency is detected in the same manner
in the homogeneous magnetic field region of the precision
Penning trap. To achieve a high-precision determination
of the proton g-factor long storage times are required.
This is realized by performing the experiment in a closed
setup at 4K yielding an ultra-high vacuum. A low vibra-
tional Gifford-MacMahon cooler provides the cryogenic
environment.
Figure 1: Q-value of differently optimized cyclotron coils
depending on the temperature.
The characteristic time for these measurements is the
resistive cooling time constant τ which is given by τ =
m
q2
D2
R . Here, the particle’s mass and charge are denoted by
m and q, respectively, and R is the effective parallel resis-
tance of the tank circuit in resonance. The effective elec-
trode distance D is a characteristic geometric parameter,
which has been calculated for both traps using SIMION.
For an efficient measuring process the effective parallel re-
sistance R = 2πνQL = Q/(2πνC) has to be high requir-
ing a high quality factor Q and inductance L as well as a
low parasitic capacitance C for the detection unit. To this
∗Work supported by HGF under contract number VH-NG-037 and
DFG under contract number QU122/3-1-2.
† kreim@uni-mainz.de
end, a helical resonator is used which has been optimized
according to different design criteria [2]. The Q-value was
increased further by the use of the type-II superconducting
alloy NbTi for winding the coil. The Q-values of two dif-
ferently optimized cyclotron tank circuits (K1,K2) - with a
resonator out of copper - as a function of the temperature
are shown in figure 1. With a frequency of ν = 81MHz
and an inductance of L = 1.7μH a Q-value of 4500 was
reached. The signal induced by the proton will be amplified
by a first amplification stage operated at cryogenic temper-
atures providing a low Johnson noise as well as improving
the signal-to-noise ratio. With these developments we aim
for a relative uncertainty of δg/g = 10−9.
temperature
sensor
4-wire
measurement
vacuum
feedthrough
analysis trap
precision trap
target
mounting
flange
15mm
Figure 2: Double Penning trap setup.
The double Penning trap in which the experiments will
take place can be seen in figure 2. To test mechanical stabil-
ity and fitting accuracy, the setup has been thermally cycled
for several times, the 4-wire measurement was used to look
for leakage currents. Since the sealed system calls for an
in-trap creation of protons, a newly developed cryogenic
electron gun [3] will function as an EBIS enabling the cre-
ation of protons at the position of the precision trap. We
continue to set up the experiment and plan to trap first pro-
tons by summer 2007. After having successfully performed
the experiment with protons, it is possible to move the ex-
perimental setup to FLAIR at GSI to conduct the same ex-
periment with antiprotons.
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Ion trap design for a nuclear charge radius determination of  7,9,10,11Be 
 
D. Tiedemann1, C. Geppert2, W. Nörtershäuser1,2 , M. Nothhelfer1,  
F. Schmidt-Kaler3, M. Zakova1, C. Zimmermann4 and the BeTINa collaboration 
1University of Mainz, 2GSI Darmstadt, 3 University of Ulm, 4 University of Tübingen 
 
In 1985 Tanihata and coworkers performed 
scattering experiments with light elements like 
helium, lithium and beryllium [1,2] and found, 
completely unexpected, a huge matter radius for 
some of the isotopes close to the neutron drip line, 
e.g., 6,8He, 11Li, and 11Be. Subsequent measure-
ments of the magnetic dipole [3] and the electric 
quadrupole moments [4] excluded a large defor-
mation of these nuclei and the picture of halo nuclei 
was established. Such a nucleus consists of a 
compact core nucleus and one or more neutrons 
which are only very weakly bound to this core. 
These neutrons have a separation energy of less 
than 1 MeV and wave functions that extend far 
away from the core.   
The determination of the nuclear charge radius of 
such nuclei with laser spectroscopy is of particular 
interest, because it is a model-independent bench-
mark for nuclear models. This was recently 
demonstrated in measurements of 6He [5] and 11Li 
[6]. However, these experiments are challenges for 
experiment and theory with respect to the required 
accuracy and sensitivity. The nuclear charge radius 
is extracted from the measurements of the isotope 
shift, which is the sum of the mass and the field 
shift. For light elements the field effect, which 
includes the change of the nuclear charge radius, is 
10.000 times smaller than the mass effect. Thus, the 
isotope shift has to be measured with accuracy on 
the order of a few 100 kHz. Similar accuracy must 
be obtained in the theoretical calculation of the 
mass-dependent part. So far this is only possible for 
three-electron systems, hence, the isotope shift for 
beryllium has to be measured on Be+ ions. Ions of 
the radioactive isotopes will be produced on-line at 
ISOLDE, precooled and accumulated in the RFQ 
cooler and buncher of the ISOLTRAP setup and 
then transferred into a linear segmented Paul Trap 
that has been designed for this purpose. Here, the 
ions will be laser-cooled down to less than 7mK to 
reach the required accuracy. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1  
 
For this purpose two models for linear Paul Traps 
have been developed in the last year. The first type 
(Fig. 1) is based on developments in the working 
group of F. Schmidt-Kaler. It consists of four 
circuit boards with a thickness of 410 μm, which 
are arranged in an angle of 90 degrees to each other. 
The electrode structures for rf and dc voltages are 
applied to opposite wafers. The accuracy limit for 
the separation of electrodes on one wafer is given 
by 100 μm and allows an extreme flexibility in the 
shaping of different trapping potentials. This trap 
type has two trapping regions, one with a free field 
radius of 2mm and a second one with a radius of 
1mm. The trap entrance and the transfer region are 
bevelled to maximize the capture and transfer 
efficiency. 
The second type (Fig.2) consists of cylindrical 
electrodes, which can be mounted in different ways. 
Electrode rods with 2, 5, 10, 15 and 30 mm length 
were produced. The combination of these electrodes 
can be chosen individually depending on the 
requirements. This trap type combines flexibility 
and the presence of a very good quadrupole field 
over a relative large region around the trap center. 
Simion simulations of the capturing process of ions 
from external sources into the trap were performed 
and it was found that this should be possible with 
sufficient efficiency. Moreover, we have 
constructed a vacuum chamber, ion optics to 
operate the ion trap and to demonstrate ion trapping 
from a laser desorption ion source, as well as laser 
cooling and spectroscopy. First experimental tests 
of the trap are in preparation.  
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Introduction and motivation
Mass values contribute to a number of physical models:
these range from masses of exotic short-lived nuclides be-
ing important for weak interaction studies and the Standard
Model of particle physics, to stable masses as means for the
definition of fundamental constants [1]. Since the discov-
ery of the superheavy elements from      to     ,
the investigations in their masses have become more and
more important. They allow for tests of mass models and
predictions, which deviate a lot from each other in that re-
gion.
Usually, mass measurements on radionuclides with Pen-
ning traps are performed using the destructive Time-
of-Flight-Ion Cyclotron Resonance (TOF-ICR) method,
where the stored and with rf fields probed ions are finally
ejected out of the trap. Several hundred ions are needed to
get a single spectrum, which takes typically about one hour
with a production rate of a few hundred ions per second
and a total efficiency of about 1%. Therefore, the TOF-
ICR technique is not applicable to rarely produced super-
heavy nuclides with production rates of less than one per
second but rather long half-lives, sometimes even in the
order of seconds or minutes. Ideally suited here is the non-
destructive Fourier Transform-ICR technique, investigat-
ing the image current induced by the ions in the trap elec-
trodes. The newly developed double-Penning trap setup for
SHIPTRAP featuring both common techniques is discussed
here [2].
Experimental setup and results
The mass spectrometer consists of a cylindrical Penning
trap to prepare the ions by buffer gas cooling and mass
selective centering of the ion cloud. After that, the parti-
cles are transferred through a diffusion barrier channel with
2 mm inner diameter and 47 mm length into the hyperboli-
cally shaped precision trap. The ring electrode of the pre-
cision trap is four-fold segmented: two segments are for
excitation of the ion motion, while the others are used to
detect the induced image current. The detection electrodes
are connected to a superconducting helical resonator, form-
ing an  resonance ciruit with the intrinsic parasitic ca-
pacitances of the system. The voltage drop across this tank
circuit is then amplified and finally Fourier transformed to
obtain the required frequency information. Both traps are
situated in a 77 K-environment, whereas the detection in-
 Work supported by the HGF under contract No. VH-NG-037 and by
the BMBF under contract No. 06MZ215.
ductance as well as the first amplifier are placed in a liquid
helium bath at 4.2 K to get the resonator superconducting
and to reduce thermal noise. Besides the FT-ICR detection
method, the ions can also be ejected from the trap onto a
Channeltron or MCP detector to perform a Time-of-Flight
measurement.
The properties of the  detection circuit have been
found to meet the requirements for the determination of
the current induced by a single singly charged ion in the
order of a few hundred fA. The -value of the helical coil,
defined as the ratio between the resonance frequency and
the width, is about 15000 in the unloaded situation and still
above 1000 with the trap connected. The inductance of the
present coil is   	H, which allows for tests with
singly charged 87Rb+ in a test setup at the University of
Mainz. The capacitance can be adjusted around 1224 kHz
by a varactor diode to shift the resonance frequency to dif-
ferent mass numbers. The frequency range is about 20 kHz.
Tests with the diffusion barrier channel have also been
performed at different buffer gas pressures and with dif-
ferent sealings between the trap tube and the holder of the
channel. The best results at 77 K were obtained with a ring-
shaped spring covered by a teflon shield, which counteracts
the thermal contraction at low temperatures. The pressure
ratio between the purification trap region and the precision
trap region was about 900 at a typical buffer gas pressure
of 

     mbar and a temperature of 77 K [3].
All parts of the setup are ready. The traps and all other
electrodes are mounted and cabled. Presently, the ion trans-
port through the trap stack in the superconducting magnet
is optimised.
Outlook
For the Mainz test setup, the next steps are to store
and detect ions with the conventional Time-of-Flight detec-
tion technique as well as with the here developed FT-ICR
method. The single-ion sensitivity will be demonstrated
soon with singly charged 87Rb+ ions delivered by a surface
ion source. Finally, the Mainz setup will move to SHIP-
TRAP at GSI and first mass measurements on superheavy
elements, e.g. 254No (
 
  
 s), will be performed.
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High-precision measurements of the g factor of H-like
carbon [1] and oxygen [2] have triggered a great interest in
related theoretical calculations (see Refs. [3, 4, 5, 6] and
references therein). In particular, these studies provided
a new determination of the electron mass to an accuracy
which is 4 times better than that of the previously accepted
value [7]. An extension of the g factor investigations to
higher-Z ions could also lead to an independent determi-
nation of the fine structure constant α [8]. The accuracy
of such a determination is, however, strongly limited by
a large uncertainty of the nuclear structure effects which
strongly increases when Z is growing [9]. In Ref. [10]
it has been shown that the ultimate accuracy limit can be
significantly reduced in the difference
g′ = g[(1s)
2(2s)22p1/2] − ξg[1s] ,
where g[(1s)
2(2s)22p1/2] and g[1s] denote the g factors of
the B-like and H-like heavy ions with the same nucleus,
respectively. The parameter ξ here is chosen to cancel
the nuclear size effect in this difference. Namely, ξ =
Δg[(1s)
2(2s)22p1/2]
NS /Δg
[1s]
NS , where ΔgNS denotes the corre-
sponding nuclear-size correction. Due to the rather weak
dependence of ξ on the nuclear charge distribution param-
eters, the corresponding uncertainty of g′ is much smaller
than that of g[(1s)
2(2s)22p1/2] and g[1s] alone. The reason for
this lies in the specific behavior of the wavefunctions of the
s1/2- and p1/2-states in the vicinity of the nucleus. Namely,
it can be shown that in the nuclear region the product of the
large and the small component of the Dirac wavefunction
for these states differs mainly only by a constant factor. In
one-electron approximation the g factor is given by
gD =
2mκc
j(j + 1)
∫ ∞
0
dr r3gnκ(r)fnκ(r) ,
where κ = (j + 12 )(−1)j+l+
1
2 ; j, l and n are the total
angular momentum, the parity and the principal quantum
number of the state, respectively. The nuclear-size correc-
tion enters gD via the wavefunctions gnκ(r) and fnκ(r) ob-
tained from the Dirac equation for the finite-nucleus poten-
tial.
In Ref. [10] we have considered the B- and H-like ions
of lead, 208Pb77+ and 208Pb81+. The influence of the
varying of the nuclear radius and the charge distribution
model on g′ has been investigated numerically. In addi-
tion to the one-electron Dirac contribution, the dominant
interelectronic-interaction and QED corrections have been
taken into account. The homogeneously-charged-sphere
and the Fermi model with the rms radius of 5.5010(9) fm
have been considered. It has been shown, that the parame-
ter ξ is much more stable with respect to variations of the
nuclear parameters than is the nuclear-size correction. The
total relative uncertainty of g′ due to the nuclear-size effect
has been found to be 2.9 × 10−10, while the uncertainty
caused by the current value of α = 1/137.035 999 11(46)
is 8.7×10−10. We conclude: Measurements of the g factor
of B- and H-like Pb to the relative accuracy of 7 × 10−10,
which is anticipated in the near future in the framework of
the heavy ion trap project [11], accompanied by the theoret-
ical calculations to the required precision, provide access to
the determination of the fine structure constant with higher
accuracy than that of the currently accepted value. Tak-
ing into account that the nuclear-charge-distribution uncer-
tainty can be reduced by a factor of 3, compared to our very
conservative estimate, we find that an improvement of the
experimental accuracy to a 1× 10−10 level would increase
the precision of α by one order of magnitude. Concerning
the accuracy this method can also compete with the new
determination of α by Gabrielse and co-workers [12].
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New perspectives for testing QED effects via g factor of
highly charged ions motivated numerous investigations on
this subject during the last years. High-precision measure-
ments of the g factor of light H-like ions [1, 2] provided
a new determination of the electron mass to an accuracy
which is four times better than that of the previously ac-
cepted value (see Ref. [3] and references therein). The
analysis of corresponding experimental data stimulated a
variety of accurate theoretical calculations (see, e.g., Refs.
[4, 5, 6, 7, 8, 9] and references therein). Investigation of
ions with more than one electron is anticipated in the near-
est future. In particular, measurements of the g factor of
Li-like calcium are currently in progress by the Mainz-GSI
collaboration. An extension of these studies to higher Z
systems will provide access to an independent determina-
tion of the fine structure constant [10].
The accuracy of theoretical values for the g factor of
high-Z H-like ions is presently limited by nuclear effects.
The uncertainty induced by them in the high-Z region is
comparable with the binding QED correction of second or-
der in α. At present nuclear structure effects do not allow
for a theoretical description at the required level of accu-
racy. This represents a serious obstacle towards any further
improvement of theoretical predictions and for identifica-
tion of two-loop QED effects in future experiments. How-
ever, in Ref. [11] it was shown that the uncertainty due
to nuclear effects can be significantly reduced in a specific
combination of the g factors of H- and Li-like ions with the
same nucleus. Below we briefly summarize the most accu-
rate results for different contributions and for total values
of the g factor of Li-like ions within the range Z = 6 – 92
obtained in Refs. [12, 13].
The total value of the ground-state g factor of a Li-like
ion is conveniently written as
g = gD + Δgint + ΔgQED + ΔgSQED + Δgnuc .
Here gD is the Dirac value for the point-charge nucleus.
The interelectronic-interaction correction Δgint has been
obtained within a rigorous QED approach in the first or-
der in 1/Z . For the evaluation of higher-order contribution
we have employed the large-scale configuration-interaction
Dirac-Fock-Sturm method. The most accurate evaluation
of the self-energy part of the one-loop QED correction was
presented in Ref. [8]. References concerning other con-
tributions to ΔgQED can be found in works [12, 13]. For
the two-loop QED term only the analytical expansion to the
order (α/π)2(αZ)4 [9] is known up-to-date. The screened
QED correction ΔgSQED has been evaluated in framework
Table 1: Individual contributions to the ground-state g fac-
tor of Li-like ions.
40Ca17+ 238U89+
Dirac value 1.996 426 011 1.910 722 624 (1)
Nucl. size 0.000 000 014 0.000 241 30 (43)
Interel. inter. 0.000 454 45 (14) 0.002 501 4 (38)
QED, ∼ α 0.002 325 555 (5) 0.002 446 3 (2)
QED, ∼ α2 −0.000 003 520 (2) −0.000 003 6 (8)
Scr. QED −0.000 000 33 (10) −0.000 003 1 (15)
Nucl. recoil 0.000 000 061 (2) 0.000 000 28 (69)
Nucl. polar. 0.000 000 000 −0.000 000 27 (14)
Total 1.999 202 24 (17) 1.915 904 9 (42)
of QED with the effective local potential that accounts
for most part of the interelectronic interaction. The term
Δgnuc incorporates the nuclear-size, nuclear-recoil [5, 6]
and nuclear-polarization [7] corrections.
Table 1 presents the most recent results [13] for the in-
dividual contributions to the g factor of the ground state
of Li-like calcium and uranium. The total accuracy is
mainly limited by the interelectronic-interaction contribu-
tion. Aiming for further improvement of the total theoret-
ical accuracy, a rigorous QED evaluation of Δgint to the
order 1/Z2 and of the ΔgSQED beyond the local-potential
approximation is desirable.
References
[1] H. Ha¨ffner et al., Phys. Rev. Lett. 85, 5308 (2000).
[2] J. L. Verdu´ et al., Phys. Rev. Lett. 92, 093002 (2004).
[3] P. J. Mohr and B. N. Taylor, Rev. Mod. Phys. 77, 1 (2005).
[4] T. Beier et al., Phys. Rev. A 62, 032510 (2000).
[5] V. M. Shabaev, Phys. Rev. A 64, 052104 (2001).
[6] V. M. Shabaev and V. A. Yerokhin, Phys. Rev. Lett. 88,
091801 (2002).
[7] A. V. Nefiodov, G. Plunien, and G. Soff, Phys. Rev. Lett. 89,
081802 (2002).
[8] V. A. Yerokhin, P. Indelicato, and V. M. Shabaev, Phys. Rev.
Lett. 89, 143001 (2002); Phys. Rev. A 69, 052503 (2004).
[9] K. Pachucki et al., Phys. Rev. A 72, 022108 (2005).
[10] V. M. Shabaev et al., Phys. Rev. Lett. 96, 253002 (2006).
[11] V. M. Shabaev et al., Phys. Rev. A 65, 062104 (2002).
[12] D. A. Glazov et al., Phys. Rev. A 70, 062104 (2004).
[13] D. A. Glazov et al., Phys. Lett. A 357, 330 (2006).
ATOMIC-PHYSICS-25
269
Many–particle effects in relativistic heavy ion collisions
A. Surzhykov∗1, U. D. Jentschura1, Th. Sto¨hlker2, and S. Fritzsche3
1MPI–K, Heidelberg, Germany; 2GSI, Darmstadt, Germany; 3University of Kassel, Germany
Experiments on relativistic ion–atom collisions have a
long tradition at the GSI storage ring [1, 2]. A number of
case studies have been performed, for example, on electron
capture as well as on ionization and excitation of heavy
projectile ions. While in the past, however, most of the
experiments have dealt with one–electron systems, much
of today’s interest is focused also on the projectiles with
few bound electrons. Quite often, collisions of such few–
electron heavy ions can be well understood (theoretically)
within the effective single–particle approach if the Pauli
principle is properly taken into account [3]. For high–Z
domain, this approach is well justified because the inter-
electronic effects are known to be much weaker than the
electron–nucleus interaction.
Despite the good applicability of effective one–particle
calculations, we discuss here case studies in which many–
electron effects become important, beyond the Pauli princi-
ple and the coupling of the angular momenta. These stud-
ies concern the radiative electron capture (REC) into ex-
cited states of few–electron heavy ions [3, 4]. Following
such a capture, the excited ionic states appear to be aligned
with respect to the incident ion momentum. The alignment
of the excited states—i.e., the unequal population of the
sublevels with the different modulus of magnetic quantum
number |MJ |—is known to govern the properties of the
subsequent radiative decay and, hence, has been studied
by us in detail. In particular, we calculated the alignment
of the excited states of beryllium–like heavy ions follow-
ing REC. Apart from the simple one–particle model [3],
calculations have been performed also by means of Multi–
configuration Dirac–Fock (MCDF) approach [4]. In this
approach, both the initial and the final ionic wavefunctions
are represented as a linear combination of configuration
state functions (CSF) and optimized on the basis of the
Dirac–Coulomb Hamiltonian. Further relativistic contri-
butions were added by diagonalizing the Dirac–Coulomb–
Breit Hamiltonian matrix.
Figure 1 displays the (degree of) alignment of the
1s21/22s1/23d3/2 : J = 2 state of the beryllium–like
gold Au75+ ions following REC. Due to the coupling
of the electron momenta to the total angular momentum
J = 2, two parameters A20 and A40 are required to de-
scribe the alignment of the residual ions (see Ref. [4] for
more details). These parameters, which are directly re-
lated to the partial cross sections σ|αJMJ 〉 for the popu-
lation of the different ionic sublevels |αJMJ〉, have been
calculated within the effective one–particle as well as the
MCDF approach for the projectile energies in the range
10 ≤ Tp ≤ 600 MeV/u. As seen from the Figure, the
∗ surz@mpi-hd.mpg.de
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Figure 1: Alignment parameters A20 and A40 of the
1s2 2s 3d3/2 J = 2 state of beryllium–like gold ions fol-
lowing REC. Results from an effective one–particle model
(– –) are compared with those from MCDF calculations
( — ) in Coulomb gauge.
one–particle calculations predict the large negative align-
ment parameter A20 while the fourth–rank parameter A40
is zero over all the energy range. A qualitatively differ-
ent behaviour of the A40 has been obtained by means of
the MCDF approach. The MCDF calculations show that
REC into the 1s2 2s 3d3/2 J = 2 state of beryllium–like
gold ions results in rather a large alignment A40, which is
almost 0.1 at a projectile energy of Tp = 10 MeV/u and
slightly decreases to 0.01 for higher energies. Such a—
nonvanishing—parameter arises mainly due to the mixture
of the 1s2 2s 3d3/2 J = 2 level with other levels hav-
ing a strong alignment. From our calculations, in par-
ticular, we found a large admixture of about 3 % of the
1s2 2s 3d5/2 Jf = 2 level for which a large positive pa-
rameter A40 has been predicted before [4]. Moreover, be-
sides the non–zero parameter A40, the configuration in-
teraction effects also lead to an 5 % enhancement (of the
absolute value) of the alignment parameter A20. These
discrepancies between two theoretical approaches clearly
indicates that apart from the momentum coupling and the
Pauli principle, the interelectronic interaction effects may
play a very important role, even in relativistic collisions of
few–electron heavy ions.
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The two–photon decay of (hydrogenlike) atoms has been
studied intensively both, by theory and experiment. How-
ever, while most investigations in the past have dealt with
neutral hydrogen or low–Z ions, recent interest was focused
also onto the region of high–Z ions [1]. Apart from the total
decay rates and spectral distribution functions, further de-
tails about the two–photon decay can be obtained by study-
ing the angle–angle correlations between the two emitted
photons. Such angle–resolved case studies often appear to
be more sensitive to relativistic and nondipole effects [2].
In all theoretical investigations on the angular correlation of
the (two) emitted photons, the initially excited state of the
ions was assumed to be not aligned, an assumption which
is not well justified in most experiments. In fact, since the
excited states are produced in radiative recombination, col-
lisional excitation, or inner–shell ionization, they are more
often then not aligned if not even polarized along the direc-
tion of the incoming ion beam.
In our recent work, we applied the density matrix the-
ory to investigate the photon–photon angular correlations
in the (two–photon) decay of aligned hydrogenlike ion.
Within this theory, the population of the excited ionic states
and their subsequent decay are closely related to the so–
called alignment paramerers Ak. The relation between
these alignment parameters and the angle–angle correla-
tions of the subsequently emitted photons is obtained [3]
d3W
dxdcosθ1dcosθ2dϕ2
(x, θ1, θ2, ϕ2) = 2π (Ei −Ef ) Eγ1Eγ2
(2π)3c2
× 1√
2ji + 1
∑
μi,μf ,λ1,λ2,k
|Mfi(μf , μi, λ1, λ2)|2
× (−1)−ji+μi 〈jiμi, ji − μi | k0〉 Ak0 (1)
in the framework of second–order perturbation theory,
making use of the Coulomb Green function.
To explore how the population (alignment) of the excited
ionic state affects the angular correlation of the photons
in the case of the two–photon decay, detailed computa-
tions have been carried for the 3d5/2 → 1s1/2 decay of
hydrogen–like uranium, U91+. Fig. 1 displays the photon–
photon correlation function (1) for the 3d5/2 → 1s1/2
(two–photon) decay, following the REC into (initially) bare
uranium at the projectile energy Tp = 200 MeV/u. Beside
of the correlation functions for the initially ‘aligned’ ions
(dashed line), results are shown also for the decay of un-
aligned ions (solid line). From the comparison of these two
functions of the excited states a remarkable effect is found
owing to the alignment by the electron capture. In fact,
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Figure 1: (color online). Photon–photon angular correla-
tion (1) of the 3d5/2 → 1s1/2 (two–photon) decay follow-
ing REC into the 3d5/2 state of initially bare uranium ions
at the projectile energy Tp = 200 MeV/u. The correlation
functions are shown for the relative photon energy x = 0.3
and for the three (fixed) polar angles θ1 = 0◦, 45◦, 90◦.
Beside of the correlation function for an initial alignment
(– –), results are shown for the two–photon decay of un-
aligned ions (—).
these computations differ only in the values of the align-
ment parameters, A2 and A4, while the size (normaliza-
tion) of the correlation functions is determined by the ge-
ometry of the photon detectors. As seen from this figure,
both photons are likely emitted in the parallel (or back–to–
back) direction, similar as for the unaligned case, but now
predominantly in perpendicular to the initial quantization
axis (the axis of alignment). Therefore, these computa-
tions clearly indicate that the knowledge about the popu-
lation mechanism and, hence, the initial alignment of the
ions is essential for the analysis of any measurement of the
photon–photon emission pattern.
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Double ionization of Li-like ions by high-energy photons
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The processes of double ionization by absorption or in-
elastic (Compton) scattering of a photon from atomic sys-
tems are of fundamental interest. This is due to the fact
that the two-electron emission is exclusively caused by
the electron-electron interaction, the accurate treatment of
which is still one of the main tasks for different theoreti-
cal approaches. As a target, it is usual to use the neutral
He atom in the ground state, which is supposed to be the
simplest atomic system, where double ionization can occur
[1, 2, 3]. Up to now no experimental data are available con-
cerning double ionization of He in metastable states. This
is connected with difficulties in preparation of any amount
of such targets. However, these processes could serve as a
testing ground for the study of inter-shell electron correla-
tions.
In contrast to neutral He atoms, the use of multicharged
ions as targets could provide important information about
most generic features of ionization processes. In particular,
it concerns the study of the universal scalings in the beha-
vior of ionization cross sections and double-to-single ion-
ization ratios. There also exist parametrical relationships
between the cross sections for ionization of multicharged
ions with different number of electrons. This opens wide
perspectives for the investigation of both inner- and inter-
shell electron correlations, since the experiments on stable
targets can be used to test the theoretical predictions for
ionization of excited states.
We have investigated the double ionization of three-
electron ions by photons with high but still nonrelativis-
tic energies ω characterized by I  ω  m, where I is
the ionization threshold energy and m is the electron mass
(h¯ = 1, c = 1) [4, 5]. More precisely, the energy domain
ω  I is asymptotic for the double-to-single ionization
ratio only in the case of photoabsorption. In Compton scat-
tering, the asymptotic regime is reached at higher energies
ω  η, where η is the average momentum of the bound
electron.
For photoabsorption and Compton scattering on lithium-
like ions, the universal scaling behavior of the double-to-
single ionization ratios are given by [4, 5]
Rph =
σ++ph
σ+ph
=
0.288
Z2
, RC =
σ++C
σ+C
=
0.147
Z2
, (1)
respectively. In addition, one can write the following rela-
tion
Rph  2RC , (2)
which turns out to be almost exact.
At high photon energies, the contributions arising from
double photoeffect and double Compton effect can be sep-
arated experimentally, if one measures simultaneously the
recoil momentum of target ions and their charge state [2, 3].
As known, in photoabsorption the target nucleus absorbs
large recoil momenta q  η, while in Compton scattering
the recoil momenta transferred to the nucleus are relatively
small (q ≤ η). If the distribution over the recoil momenta is
not measured in the experiment, the observable quantity is
the branching ratio of number of ions, the charge of which
is increased by two units, to the number of ions, the charge
of which is increased by one unit. To leading order of the
perturbation theory over the parameter 1/Z , this ratio reads
R =
σ++ph + σ
++
C
σ+ph + σ
+
C
 (3)
 Rph
2σ+ph + σ
+
C
2(σ+ph + σ
+
C )
 RC
2σ+ph + σ
+
C
σ+ph + σ
+
C
,
where the relation (2) has been employed. Within the non-
relativistic high-energy domain, the cross section σ+ph for
single photoeffect decreases roughly as ω−7/2 for growing
photon energy ω. The cross section σ+C for Compton scat-
tering approaches the asymptotic constant 3σ+T , where σ
+
T
is the Thomson cross section for elastic scattering of a pho-
ton by a free electron. Accordingly, in contrast to the ratios
Rph and RC, the ratio R depends on the photon energy,
varying within the range RC < R < Rph. When the pho-
ton energy increases up to ω  η, the ratio (3) declines
approaching the constant limit of RC.
As we have shown, the universal scaling behavior can be
established for the double-to-single ionization ratios in the
case of photoabsorption and Compton scattering of a high-
energy photon from three-electron atomic systems. The
partial contributions due to the direct and indirect ioniza-
tion channels have been taken into account. We have also
found parametrical relations between the cross sections for
ionization processes on Li- and He-like ions with the same
nuclear charge Z [4, 5]. These relations can be employed
for experimental tests of theoretical predictions concerning
the double ionization of low-lying excited states of He-like
ions. Such experiments could become feasible using x-ray
lasers within the PHELIX facilities at GSI.
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Photon angular distribution in nuclear excitation by electron capture
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In the resonant process of nuclear excitation by electron
capture (NEEC), a free electron is captured into a bound
atomic shell with the simultaneous excitation of the nu-
cleus. NEEC is a process analogous to dielectronic recom-
bination (DR), and when followed by the radiative decay of
the nucleus, it is a competing resonant channel of radiative
recombination (RR). Partly due to the dominant RR back-
ground, NEEC has not been observed experimentally yet,
although other experimental observation of atomic physics
processes with regard to the internal structure of the nu-
cleus have been reported. NEEC is expected to allow the
determination of nuclear transition energies and probabil-
ities, the study of atomic vacancy effects on nuclear life-
times and population mechanisms of excited nuclear levels.
Our studies regarding total cross sections for NEEC fol-
lowed by the radiative decay of the nucleus and its possible
quantum interference with RR are presented in Refs. [1,2].
The measurement of the angular distribution of the emit-
ted photons in the recombination process can offer a useful
method of discerning NEEC from RR [3]. In the follow-
ing we investigate the photon angular distribution in the
radiative decay of the nucleus following NEEC for the E2
transitions occurring in 23892 U. The photon emission pattern
is substantially different from the one of the concurrent RR
process and provides a means of discerning the two pro-
cesses and to suppress the RR background.
As the properties of the radiation emitted in the nuclear
decay are closely related to the alignment of the nuclear
excited state, the population of these states as it arises due
to the electron capture process has to be investigated. We
apply a density matrix formalism to describe the alignment
of vibrationally excited nuclear states formed by NEEC and
the angular distribution of the de-excitation radiation. The
angular differential cross section of this process is given by
dσNEEC
dΩ
(θ) =
σNEEC
4π
W (θ) , (1)
where σNEEC is the total cross section for NEEC followed
by the radiative decay of the excited nucleus [1] and θ de-
notes the angle of the photon emission with respect to the
direction of the incoming electron in the ionic frame. The
angular distribution W (θ) for the 2+ → 0+ decay is given
by
W (θ) =
(
1−
√
70
14
A2P2(cos θ)− 2
√
14
7
A4P4(cos θ)
)
,
(2)
where the Legendre polynomials Pk(cos θ) are weighted
by the alignment parameters Ak, which in turn are related
to the cross section for the population of the different nu-
clear magnetic sublevels [3].
We consider the capture into the L shell of initially He-
like 23892 U ions, as the energy of the first excited nuclear
level of 44.91 keV makes the capture into the K shell
of bare U impossible. The reduced transition probability
B(E2) for the E2 transition of 23892 U as well as the energy
of the nuclear transition are taken from Ref. [4]. We en-
visage the scenario of a possible NEEC experiment in a
storage ring, in which the radiation is emitted by the nu-
cleus of the U89+ ion moving relativistically with respect
to the target electrons. In Figure 1 we present the angular
distribution W (θlab) of the photons following the electron
capture into the 2s orbital of 23892 U with respect to the lab-
oratory frame and make a comparison between the NEEC
and RR photon angular distributions. While the maximum
value for the RR angular distribution is at θlab = 64◦, the
emitted photons following NEEC have an angular pattern
with maxima at θlab = 46◦ and θlab = 151◦. As the emis-
sion pattern of the gamma photons is significantly differ-
ent from the one of the background RR process, photon
angle-resolved measurements may prove to be the appro-
priate method for the observation of NEEC.
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Figure 1: Angular distribution of the photons with respect
to the laboratory frame for the case of RR and NEEC into
the 2s orbital of initially He-like 23892 U. Both NEEC and
RR angular distributions are normalized to 4π.
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Hyperfine splitting in lithiumlike scandium
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High-precision experiments on the ground state hyper-
fine splitting in highly charged ions performed at the GSI
facilities and at the EBITs (see, e.g., Refs. [1, 2, 3]) have
triggered intensive theoretical investigations of this effect.
The error bars of the theoretical hyperfine splitting values
are mainly determined by the nuclear magnetization distri-
bution correction, the so-called Bohr-Weisskopf (BW) ef-
fect [4]. Since the total QED correction to the hyperfine
splitting is of the same order of magnitude as the uncer-
tainty of the BW correction, investigations of pure QED ef-
fects on the hyperfine structure in heavy hydrogenlike ions
turn out to be unfeasible. In this context, it was proposed
to consider a specific difference of the ground state hyper-
fine splitting in H-like and Li-like ions [5]. In this specific
difference the uncertainty due to the BW effect is strongly
reduced.
Recently measurement of the ground state hyperfine
splitting in lithiumlike scandium has been announced [3].
In a recent work [6] we have reconsidered the theory of this
effect and improved the accuracy of corresponding theoret-
ical prediction. The ground state hyperfine splitting of a
lithiumlike ion is conveniently presented as
ΔEµ =
1
6
α (αZ)3
m
mp
μ
μN
2I + 1
2I
1
(1 + mM )
3
mc2
×
[
A(αZ)(1 − δ)(1− ε) + 1
Z
B(αZ)
+
1
Z2
C(Z,αZ) + xrad
]
.
Here m is the electron mass, mp is the proton mass, μ is
the nuclear magnetic moment, μN is the nuclear magne-
ton, I is the nuclear spin, and M denotes the mass of the
nucleus. The one-electron relativistic factor A(αZ) can be
analytically derived from the Dirac equation. The finite nu-
clear size correction δ has been evaluated numerically em-
ploying the homogeneously-charged-sphere model for the
charge distribution. The BW correction ε has been calcu-
lated within the single particle nuclear model. The uncer-
tainty of this correction is estimated to be about 50%.
The first-order interelectronic-interaction correction de-
scribed by the function B(αZ) has been evaluated within
a rigorous QED approach. Higher-order correction
C(Z,αZ)/Z2 has been obtained in the framework of large-
scale configuration-interaction Dirac-Fock-Sturm method.
The term xrad describes the QED contribution. This term
has been calculated within one-loop QED approximation.
The key advantage of our evaluation is the use of non-
Coulomb binding potential Veﬀ , which partly takes into
account the interelectronic-interaction effect. We have
Table 1: The ground state hyperfine splitting of lithiumlike
scandium [6], in meV.
Dirac value 6.9650
Finite nuclear size corr. −0.0224(3)
BW corr. −0.0064(32)
Interel. inter. 1/Z −0.8817
Interel. inter. 1/Z2 and higher 0.0150(2)
QED (with screening) −0.0061(6)
ΔEµ, total value 6.0633(33)
ΔEµ, Ref. [7] 6.0628(60)
ΔEµ, Ref. [8] 6.0768
used the Kohn-Sham potential, employing standard itera-
tion procedure to achieve self-consistency. In addition, our
calculations explicitly take into account the finite nuclear
size and the distribution of the nuclear magnetic moment.
The results of the calculation are shown in Table 1. For
comparison, the results of the previous calculations [7, 8]
are presented as well.
The accuracy of the theoretical result obtained in [6]
amounts to 0.05% which is two times better than that of the
previous result of Ref. [7]. It is now determined completely
by the BW correction. The improvement is achieved
due to the relativistic consideration of the higher-order
interelectronic-interaction corrections and non-perturbative
in αZ evaluation of the QED contribution. The theoret-
ical methods developed in this work, can also be applied
to other Li- and B-like ions, including those which are of
special interest for astrophysical observations [9].
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Introduction
One major research area of the plasma physics group
at GSI is the energy loss measurement of heavy ions in
dense, hot plasmas[1]. Heavy ions from the UNILAC pass
through a plasma that is usually generated with an intense
laser beam. The energy loss due to the interaction of the
ions with the plasma is determined by a time of flight mea-
surement.
Until now the experiment is done with a thin carbon foil
directly heated by the nhelix high energy laser. This type
of geometry suffers from gradients in density as well as
temperature within the plasma that change considerably
between two microbunches. Therefore a precise, time-
resolved characterization of the key plasma parameters,
like the free electron density, is necessary in order to com-
pare experimental data with theoretical models.
Another possible setup utilizes an indirectly heated
hohlraum target. The material for the interaction with the
ions is placed inside a cylindrical hohlraum which has a
secondary cavity attached to it, serving as a radiation con-
verter. The laser will heat the converter volume and gen-
erate thermal radiation in the soft x-ray regime, which in
turn will generate the plasma in the cylindrical hohlraum.
Simulations have shown homogeneous plasma parameters
during the interaction time of an ion bunch[2].
In corporation with the University of Technology Darm-
stadt a target facility has been set up in the “Institut fu¨r
Kernphysik” where we manufacture the hohlraum targets.
Target production
In order to perform the energy loss measurement two
types of hohlraums are needed: the cylindrical cavity con-
taining a CH-foam to be heated and a spherical radiation
converter attached to this. Both hohlraums can now be
manufactured, two examples are shown in figure 1.
The production process starts with a brass positive form
of the cavity. Onto this a thin layer of 10 µm gold is de-
posited by electroplating. Openings, like the laser entrance
and diagnostic holes, are created lithographically, the tar-
get is coated with a photo resist that is illuminated under a
microscope. Typical sizes of the openings are 130 µm for
a diagnostic port and 350 µm for the laser entrance hole.
At the developed areas the gold is removed by etching. As
a last step the brass is etched through the holes in the gold
layer.
(a) spherical hohlraum, D = 760
µm
(b) cylindrical hohlraum, D = 1 mm
Figure 1: Gold hohlraum targets manufactured at the Uni-
versity of Technology Darmstadt
Experiments
First experiments will focus on the spectral character-
istics of the generated thermal radiation, aiming towards
a time- and spectrally resolved measurement. The high-
energy laser nhelix at GSI will be used for the heating.
The expected temperature with the available energy from
the laser is in the range of a few electron volts. Accord-
ing to Planck’s radiation law the wavelength of maximum
emission is thereby in the ultraviolet. A spectrometer for
this wavelength regime will be absolutely calibrated in in-
tensity with a deuterium lamp. Knowing the energy in solid
angle and wavelength and the radiation temperature can be
deduced.
The time-resolution is achieved with a streak camera. A
glass window is coated with a special layer that converts the
UV light into green light detectable by the streak camera.
The efficiency of the conversion is almost 100%.
The next step will be to go to higher energies and use
the Phelix laser as the heating source, in order to gener-
ate a plasma volume large enough for the interaction with
heavy ions. The thermal radiation will move to the soft x-
ray regime and a different diagnostic is needed, which is
currently designed.
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Development and calibration of a Thomson parabola with a MCP∗
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The acceleration of ion beams by lasers has gained
increasing attention over the last years. Irradiation of
thin target foils with laser intensities higher than I =
1018 W/cm2 leads to a strong acceleration of relativistic
electrons through the target in the laser direction. These
electrons built up a strong electric ﬁeld (∼ TV/m) at the
target rear surface which ionizes the atoms on the surface
and accelerates them. This mechanism can be described
by the TNSA (target normal sheath acceleration) [1] theory.
For the detection and the analysis of the laser-accelerated
ions a new Thomson-parabola (TP) was developed. A TP
is a spectrometer that consists of parallel electric and mag-
netic ﬁelds which are orientated perpendicular to the beam
propagation direction [2]. Inside the TP ions are deﬂected
due to their charge-to-mass ratio. For an ideal TP with no
fringe ﬁelds the deﬂection is given by
y2 =
qB2lD
mE
x . (1)
Here y and x are the deﬂections due to the magnetic and
electric ﬁelds, B and E are the ﬁeld amplitudes, l the ﬁeld
length, D the drift length between the ﬁelds and the detec-
tor and q and m are the charge and the mass of the ions
respectively. A TP provides a seperation of all ions species
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Figure 1: Proton and C+-C+4 parabolas
and charge states. Every single parabola on the detector
belongs to a different ion mass or charge state. The deﬂec-
tion along the parabolas includes the information about the
ion energies. For the detection of the ions a micro chan-
nel plate (MCP) coupled with a phosphor screen was used.
MCPs afford an online measurement of the accelereated
ions. This is the main advantage compared to TPs with
solid state nuclear track detectors [3]. Figure 1 shows an
image of the phosphor screen for a laser shot onto a 20 μm
∗Work supported by VIPBUL
thick gold foil. With the help of a tracking routine it is pos-
sible to identify the different ions. To extract the ion energy
spectra from the intensities on the phoshor screen a calibra-
tion of the TP especially of the MCP was necessary. This
calibration was accomplished within a laser experiment at
the LULI 100 TW in Palaiseau, France. Besides the TP
with MCP two other TPs with absolutely calibrated CR-39
detectors were used. Through a comparison between these
different types of detectors it was possible to calibrate the
MCP and to extract the ion energy spectra, see ﬁgure 2.
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Figure 2: Energy spectra of the protons and C-ions
Independent from the target material protons from depo-
sitions on the target surface were accelerated due to their
highest charge-to-mass ratio. They shield the electric ﬁeld
from the heavier ions. To clean up the target a CW heating
laser was used that heated the target to temperatures over
1000K. The proton line was completely removed and mul-
tiple heavy ions up to 5MeV/u were accelerated (ﬁgure 3).
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Figure 3: Oxygen, nitrogen and palladium lines from a
heated 15 μm thick palladium target.
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Experimental Motivation
For the investigation of the dynamics of heavy-ion
beams penetrating hot dense plasma at the Z6 area at GSI
an experimental setup was developed, which allows for di-
agnosing a directly laser-heated plasma target, and measur-
ing the charge state and energy loss of an ion beam after /
in it [1, 2]. The varying energy loss of the ion beam in the
target (solid—plasma—vacuum) is determined in a TOF-
like technique, in which temporal shifts (of the UNILAC
period of 9.224 ns) between individual ion micro pulses
are recorded. Aiming at future experiments with indirectly
heated plasma targets an ion stop detector was designed
to match the high requirements for: repetition rate, time
resolution, high ion- & low light- sensitivity, and radiation
hardness as well.
Detector Design
The chosen design is based on polycrystalline CVD dia-
mond (pcCVDD), which has previously been used for the
detection of (high energy-) heavy-ions at GSI [3]. To re-
duce the well known phenomenon of polarisation in pc-
CVDD for inhomogeneous irradiation [4] the diamond
was designed to be thinner than the range of 12C to 86Kr
of ≈ 5 AMeV in it. FIAF3 provided us with four thin
(13 μm, 19 μm, 20.5 μm, 60 μm) pcCVDD samples, sized
10x10 mm2. Together with the GSI’s and TUD’s target and
detector laboratories four detectors were built: Electrodes
of (20-30-100) nm Ti-Pt-Au, or 100 nm Al were sputtered
onto both sides of the diamond samples (Figure 1).
(a) 13 μm diamond sample with Ti-
Pt-Au electrodes; read-out side.
(b) 13 μm detector: diamond, PCB,
Al-housing, SMA connectors.
Figure 1: Two steps in the detectors’ construction.
The 4-pixel read-out both offers position sensitivity and
reduces the capacitance (which leads to a shorter signal fall
time). The samples are connected to a 50 Ω PCB: Silver
conductive glue links the single back electrode to the earth
of the Al-housing; via Al-bond wires the front electrodes
flow into micro-strip lines and SMA connectors. DBA4
preamplifiers (by GSI) are used for experimental operation.
Results of Tests with a 54Cr Beam
The detectors were tested with macro pulses of 54Cr21+
of 4.75 AMeV (ranging 25 μm in diamond). Figure. 2 il-
lustrates the excellent performance of the 19 μm detector
at a bias E-field of 1 V/μm and a preamp gain of 100:
Figure 2: Zoom (bottom) into the macro structure (top) of
a 54Cr beam at a very low current of ≈ 13 pnA.
Figure. 3 shows the (σ) time resolution for determining
the centre of an ion micro pulse with the 19 μm detector:
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Figure 3: Δttot varying with bias and beam current.
Δttot =
(
Δt2beam + Δt
2
det + Δt
2
elec + ...
)1/2
shows
variations with beam current and detector bias. Its range
of 30 ps to 120 ps is sufficient and promising for future
experiments. Further analysis and tests are needed for un-
derstanding and separating the intrinsic detector response.
New detector applications based on pcCVDD are planned.
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Introduction 
In the near future the PHELIX laser system at the ex-
perimental area Z6 at the GSI will be employed for 
plasma physics experiments. The energy loss experiments 
as well as the generation of intense particle beams by the 
100 TW laser are important applications for the PHELIX 
laser. It is necessary to diagnose the PHELIX laser after 
propagating through the transfer line between the 
PHELIX facility and the plasma physics experimental 
area (see fig. 1). Therefore, the diagnostic will be con-
structed inside the new Z6 clean room. The relevant pa-
rameters which should be measured are the pulse energy, 
the pulse shape and the wavefront as well as the near and 
the far field of the incoming PHELIX laser. The PHELIX 
diagnostic has to be constructed because of two important 
points: Firstly, for the reproducibility of laser plasma ex-
periments the beam properties should be well-known. 
Secondly, in terms of the beam propagation through the 
optics of the 100 TW laser which is founded by the VIP-
BUL [1] at the GSI it is fundamental to know the beam 
properties as well. In this high intensity or energy region 
aberrations and similar optical effects may lead to dam-
aged optics or unsuccessful experiments. 
 
Figure 1. The transfer line between the PHELIX facility 
and the plasma physics experimental area and a view in-
side the Z6 clean room with the 100 TW pulse compres-
sor and the diagnostics table on the right hand side. The 
entrance telescope is located on the right tower. 
Setup and design 
In front of the diagnostic the diameter of the PHELIX 
laser is 120 mm or 280 mm respectively. The maximum 
pulse energy range amounts between 500 J and 1000 J. 
For the 100 TW laser the 120 mm diameter beam will be 
used. The pulse energy of about 2% propagates through 
the diagnostic mirror. However, for diagnostic a realistic 
beam diameter is limited to 10 mm. By collimating the 
beam of 2% of the pulse energy a diameter less than 10 
mm leads to an increased intensity. Thus the optics and 
the diagnostics will be damaged. To run the diagnostic it 
makes sense to minimize the beam diameter and to reduce 
the intensity. The design of the diagnostic basically con-
sists of telescope systems to collimate the beam and two 
attenuators. In order to minimize the aberrations, the opti-
cal system of the diagnostic is designed by the optical 
design system ZEMAX#. At first a variable high energy 
attenuator will be employed in order to run the diagnostic 
beyond a wide pulse energy range. The high energy at-
tenuator simply consists of five beam splitters which can 
move inside or outside the optical path respectively. Di-
rectly ahead of the diagnostics a precision attenuator is 
used to adjust the pulse energy exactly. The principle of 
the diagnostic system is designed by H.-M. Heuck and M. 
Hagemann [2]. However, we achieved essential im-
provements in the optomechanical construction and de-
sign. The spatial alignment of the diagnostic proceeds 
over two planes (see fig. 1 and 2). In the upper plane there 
is the entrance telescope which collimates the beam onto 
50 mm. A 45°-mirror deflects the beam in the lower 
plane. A periscope adjusts the beam to the vertical posi-
tioned table with the attenuators and the diagnostics as 
well as the telescopes which collimates the beam up to a 
diameter less than 10 mm. 
 
Figure 2. The entrance telescope is visible on the tower. 
The vertical positioned tables in the lower plane. 
Status 
The calculations and the design of the diagnostic sys-
tem are completed. The installation will start in spring of 
the year 2007. The commissioning of the diagnostic sys-
tem will occur in the middle of the same year. 
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The irradiation of foil targets with ultra-intense short
laser pulses leads to the generation of MeV ion beams from
the non-irradiated target rear side [1]. The ions, mostly
protons originating from contaminants, form a collimated
beam with an exponential energy spectrum falling to high
energies and a sharp cut-off at up to 60 MeV, depending
on the laser parameters. With special target cleaning
techniques it is possible to accelerate different ions,
e.g. protons, carbons and oxygens simultaneously [2]. The
acceleration takes place due to an electric field, generated
by a dense sheath of hot electrons. This field first ionizes
the atoms sitting at the rear side via field-ionization and
then accelerates them. The field strength is of the order
of 1012 V/m in a length of a few micrometers. The beam
always is directed normal to the rear surface of the target
with an emittance being superior compared to conventional
accelerator beams [3, 4]. In the framework of the virtual
laboratory VIPBUL [5], we want to investigate this accel-
eration mechanism not only for a further understanding,
but also as a potential new ion source. The expansion of
the beam is mainly quasineutral and very laminar. This
was shown in experiments, i.e. with radiochromic film
detectors [3, 7] or CR-39 as well as in 3D PIC simulations.
Figure 1 shows an imprint of a 1 MeV proton beam from
recent first experiments with the PHELIX laser. The target
was a rear-side micro-structured Au foil with a thickness
of 10 μm. The lines from the target rear side are clearly
visible. This demonstrates the small transverse emittance,
since the micrometer-sized structures were magnified and
transported over several centimeters into the detector.
Up to now, predictions of the ion beam properties like
emittance, divergence or spectrum are mainly based on
simulations and very simple estimates. For R&D in direc-
Figure 1: Imprint of a 1 MeV proton beam on CR-39, pro-
duced with the PHELIX laser (10 J stage). The white disk
in the center was a hole in the detector to let the ions pass
into a spectrometer. On top of the detector were Al foils for
energy discrimination, visible as white (incomplete) rect-
angles.
tion to a new ion source a better modeling is abolutely nec-
essary. An effective flow model by H. Ruhl, that is based
on experimental data and PIC simulations, can be used to
fully reconstruct the flow. This was done for a highly re-
solved measurement of a proton beam produced at the TRI-
DENT laser facility at LANL, see fig. 2 for an example of
the fit to 8 MeV protons. The model is based on transfer
Figure 2: left: Imprint of 8 MeV protons in RCF. right:
Image by the flow model.
functions g(x) that map the position of the ions to their re-
spective momenta. It reproduces the 6D phase space of a
real beam. This data can be used as a realistic parameter
set for beam injection. Additionally, the eletric field by the
electron pressure tensor can be calculated with
Φ = − 1
2mpq
g2 and E = −∇Φ.
In a one dimensional approximation the field decays as
E(z) =
2 C2zmpc
2
e
ln(z/z0)
ln(z1/z0)
1
z
,
where z is the expansion direction, Cz determines the ex-
pansion force and z0,1 is the initial (final) location of the
protons, respectively.
This work was supported by the virtual institute VIPBUL.
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The generation of high-current multi-MeV protons by
irradiating thin foils with short-pulse, ultrahigh intensity
lasers (τ < ps, Iλ2>1018 W/cm2 μm2) has gained great at-
tention in the ﬁeld of laser-ion acceleration due to remark-
able properties of the accelerated beam and its suitability
for a new type of ion source.
The acceleration process takes place on the non-
irradiated rear side of the foil. This mechanism is described
by the TNSA-model [1, 2] (Target Normal Sheath Acceler-
ation, ﬁg.1). A rear side electrostatic ﬁeld (E> 1012 V/m)
Figure 1: TNSA mechanism for laser accelerated protons.
ionizes the surface atoms and further accelerates them. The
resulting beam is composed mostly of protons originating
from contaminant layers of water vapor and hydrocarbons
at the target surface. Presently, laser accelerated proton
beams reach energies up to 60 MeV.
Figure 2: Development of the intensity modulation of a
proton beam in the RCF stack.
An interesting fact is that protons accelerated from the
rear surface of a laser-irradiated target are capable of gen-
∗Work supported by VIPBUL
† f.nuernberg@gsi.de
erating images of micro-structures present on this surface
[3, 4]. The protons are emitted normally to the surface.
Grooved line structures at the surface effect a microfo-
cussing of the beam (ﬁg.2). With this feature it is possible
to determine important beam characteristics such as source
size, angle of beam spread and emittance.
Experiments were done at the TRIDENT laser facil-
ity, Los Alamos National Laboratory, USA (τ = 600 fs,
Iλ2 =2 · 1019 W/cm2 μm2) and with the PHELIX laser at
GSI. The 10 μm thick micro-structured gold foil was fab-
ricated at the target laboratory of TU Darmstadt. As pro-
ton detector a calibrated ﬁlm stack of radiochromic ﬁlms
(RCF) was used. The stack arrangement of the ﬁlms al-
lows energy resolved measurements. For proton energies
up to 19 MeV the source size of the proton beam shows a
gaussian distribution with a FWHM of 49 μm. The angle of
beam spread decreases for increasing proton energies from
40◦ to 4◦. For increasing proton energies the transverse
emittance decreases as well from 0.1 to 0.01 π mm mrad.
The spatially and energetically resolved proton distribu-
tion is determined by a weighted subtraction algorithm [5]
(ﬁg.3).
Figure 3: Proton distribution of a laser accelerated beam.
This full reconstuction of the proton beam allows to start
ﬁrst simulations for injecting this beam in accelerator struc-
tures as a new type of proton source.
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Studies of Si K-shell spectra induced by Ca projectiles penetrating aerogels 
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Target K-shell radiation induced in close collisions with 
heavy ions contains the information about the ionization 
of the stopping media in the vicinity of the ion trajectory 
during the first femtoseconds after the ion-atom interac-
tion. The Kα x-ray emission spectra of the low-density 
SiO2 aerogel target bombarded by 
48Ca ions with initial 
energy of 11.4 MeV/u were measured with a high spectral 
(λ/δλ = 2000) and spatial resolution (δx = 70 μm) along 
the ion beam stopping path. Experimental details are de-
scribed in [1, 2].  The Si ΚαL0 diagram line and KαLn (up 
to n=5) x-ray satellites corresponding to the radiative de-
cays of atomic states with one hole in the K-shell and n-
holes in the L-shell were registered [1, 2]. Fig. 1 shows 
the K-shell spectrum of SiO2 aerogel target induced by 5 
MeV/u Ca ions.   
 
Fig.1. The Kα spectrum of Si induced by Ca projectiles in 
0.04 g/cm3 SiO2 aerogel at 10 mm (5.2-4.0 MeV/u) of the 
ion beam penetration depths. Solid lines are the result of 
the fitting procedure. 
 
 In this report we present the influence of the Si M-shell 
configuration on the energy shift of KαLn satellites in 
respect to the KαL0 diagram line. Groups of the L-shell 
satellites were fitted using a Voigt profile (see fig.1). 
From the energy differences between the profile centroids 
corresponding to the KαLn and KαL0 lines energy shifts 
of satellites with the error below 1 eV were obtained. The 
determined energy shifts were compared with the results 
of multi configuration Dirac-Fock (MCDF) calculations. 
It was found, that the experimental energy shifts are 
smaller than values obtained from free-ion MCDF theory 
assuming the full M-shell ionization of Si. The influence 
of the Si M-shell configuration on the energy shifts of 
satellites is clearly visible in the Fig. 2, where we present 
theoretical results of MCDF calculations [3] performed 
for two critical configurations, M0 (1s2s22pn3s23p2) and 
M4 (1s2s22pn). In all calculations a point-charge nucleus 
was assumed, and average-of-configuration KaLn satellite 
transition energies were obtained. In the case of M0 con-
figuration, the L-shell vacancies cause energy shifts from 
about ~11 to ~70 eV. If the Si M-shell is completely 
empty the energy shifts would range from ~17 eV and 
~88 eV (see Fig. 2). The emptier is Si L-shell, the stronger 
is the influence of the M-shell on the energy of the 
Kα−transition. The results of MCDF are compared with 
the current experiment and experiments of Kauffman et 
al. [4]. Analysing Si K-shell spectra induced under the Cl 
ion beam, Kauffman has obtained higher energy shifts of 
KαLn satellites relative to ΚαL0 for SiH4 gas target than 
for Si-solid. In the fig. 2 the experimental energy shifts of 
the Si KαLn satellites measured for three different pene-
tration depths of the Ca ions in aerogel target are as well 
presented. The measured energy shifts don’t depend on 
the projectile energy (penetration depth) and are closer to 
the theoretical predictions assuming M0 configuration.  
 
 
Fig.2. The experimental and theoretical energy shifts of 
KαLn satellites. The open points - presented experiment. 
Full circles- SiH4 gas and squares - solid Si target [4].The 
lines represent MCDF calculations, M0 (solid line) and M4 
(dashed line). 
 
Since the M-shell electrons belong to the valence band of 
the solid Si, Kauffman has supposed that in solids the M-
shell ionization in ion-atom collisions is compensated by 
plasmon effect [4], which causes the electron transfer into 
the delocalized Si M-shell from the neighbouring atoms 
with a frequency of 1016 Hz.  
 
References 
 
[1] O. N. Rosmej et al., Phys. Rev. A 72, (2005). 
[2] S. A. Pikuz Jr et al., JPhA, (2006). 
[3] M. Polasik, Phys. Rev. A 39, 616 (1989) 
[4] R. L. Kauffman et al, Phys. Rev.Lett. 36,1074 (1976). 
PLPY-PHELIX-07
281
Hydrodynamics of the gaseous medium heated by the ion beam
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Heavy ion beam-target interaction experiments aimed at
investigation of the target density eﬀect on the ion stop-
ping process [1] require precise information about target
parameters in the interaction region. The ion beam de-
posits its energy in to the excitation and ionization of the
stopping media. This leads to its heating and expansion.
The gas-target density varies along the ion beam stopping
path, across the beam radius and in time.
In experiments carried out at UNILAC facility, the in-
teraction of Ca ion beam with Ar and Ne gas targets was
investigated [2]. The gas-target used in experiments was
constructed as a massive copper cylinder 30 mm in diame-
ter and 210 mm length. For observation of the Ca projec-
tile velocity and charge state dynamics along the stopping
path, the gas pressure in the target was kept between of
1.5-2 Bar providing the full stopping of the ion beam at the
ﬁrst 5-15 cm of the gas target. The 2-D visible image of
the ion beam-gas target interaction region was registered
using intensiﬁed gated CCD camera DicamPro. The ﬂu-
orescence emission of gas atoms induced due to collision
excitation by the ion beam and secondary electrons was
observed throw the 180 mm long quartz window.
In the experiment we have observed the lengthening of
the ion beam range in the argon gas target due to the
heating of the gas media during the ion macro pulse of
5.5 ms.
Figure 1: Relative lengthening of the ion beam range in
Ar gas during the ion bream macro pulse (experiment and
numerical simulation).
The ion beam range measurements over 5.5 ms with a
time step of 100 µs are presented in the Figure 1. The
measured values are normalized to the range length at ﬁrst
100 µs of the macro bunch duration.
In order to understand the observed range lengthening
phenomena, numerical simulations on hydrodynamic re-
sponse of the beam-heated gas have been carried out. In
the simulations, the VarJet code [3] has been employed.
This code is capable of solving 2D full time-dependent
Navier-Stokes equations for multicomponent gas mixtures,
including viscosity, heat conductivity and diﬀusion eﬀects.
The initial and boundary conditions were taken as in the
experiment whereas the beam-induced heating of the gas
was calculated using the SRIM stopping power data and
neglecting radiative energy dissipation.
The following input data for ion beam related to the
experemental condition were used for a numerical simula-
tions: 5 MeV/u energy of the Ca ions after stripping in the
Havar entrance foil, 1 mm ion beam radius, homogeneous
distribution of the ions across the radius, 8.6·108 particles
in the macro bunch, 5.5 ms pulse duration. The value of
the deposited speciﬁc energy reaches 2-3 J/g·cm2. Accord-
ing to the calculations the gas temperature in the interac-
tion region runs up to 100o-120o.
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Figure 2: Calculated time dependable 2D density distri-
bution of the Ar gas in the interaction volume. X axis -
the direction of the ion beam propagation in mm, Y axis -
ion beam radius, Z axis - Ar gas density normalized to the
initial value.
The calculated distribution of the Ar gas density is plot-
ted in the Figure 2 for diﬀerent times during the ion macro
bunch pulse. Calculation shows that the target density is
changing in time across the ion beam radius and along
the ion beam trajectory. Minimum of the target density
(about 70% from initial value) is reached at 5.5 ms at the
ion beam axis in the region of a maximum of the ion energy
deposition. The heterogeneity of the target density across
the ion beam radius is increasing with time and reached
the maximum value of 15% at 5.5 ms. The results of the
ion range simulations are shown in the Figure 1. Calcu-
lated range values are in a good agreement with measured
in the experiment.
All this hydrodynamic eﬀects in the gaseous target
should be taken in to account for preparation of heavy
ion beam-target interaction experiments.
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In December 2005 a heavy ion beam pumped UV ex-
cimer laser has been successfully demonstrated for the 
first time in the experiments performed at the GSI-SIS-
HHT target area [1,2]. The primary goal for this experi-
ment was to demonstrate laser effect on the KrF* line (λ = 
248 nm) and to proof this using various methods. The 
dependence of spontaneous and stimulated emission from 
pressure and composition of the laser gas has also been 
studied. Unfortunately, absolute measurements were not 
yet possible in this pioneering experiment but the relative 
pressure dependencies of laser light and spontaneous 
emission could be studied. 
A mixture of an excimer gas mixture (99,5% Kr and 
0,5% F2) and a buffer gas (pure Ar) was used as the laser 
medium. In order to avoid F2 depletion due to chemical 
reactions, a continuous flow of gas was maintained in the 
laser cell. The composition of the laser gas could be var-
ied by changing the flow rates for the excimer and buffer 
gases. Basically, two mixing ratios of 65/35 and 40/60 for 
Ar/Excimer were used and the pressure was controlled 
within a region from 1.2 to 2 bar by adjusting the output 
valve. 
Examples of spectra of spontaneous emission which 
registered perpendicular to a laser axis are shown in Fig.1 
for a mixing ratio Ar/excimer of 40/60 and different pres-
sures. The peak at λ = 248 nm corresponds to the KrF* 
laser transition and the broad-band emission from 350 to 
500 nm is emitted from Kr2F
* molecules and the low in-
tensity peaks in the region λ > 750 nm are ArI and KrI 
atomic lines. 
Figure 1: Spontaneous emission spectra at 1,99 bar (top) 
and 1,32 bar (bottom). 
About 80% of the spontaneously emitted light is made 
up by the broad-band Kr2F
* emission. It’s two orders 
more intense than the atomic lines (ArI and KrI). Note, 
that a different pressure dependence was observed for the 
KrF* and Kr2F
* intensity. 
The strongest gas kinetic channel forming Kr2F
* mole-
cules is via quenching of KrF* states by rare-gas atoms in 
three-body reactions [3]: 
(1) 
 
These processes become very efficient at high gas pres-
sures, in particular for pressures on the order of 1 bar and 
more. 
Increasing pressure leads to increasing pumping power 
density provided by the ion beam, and, as a result, in-
creasing population of KrF* and Kr2F
*. On the other hand, 
the rates of various quenching processes reducing a num-
ber of KrF* and Kr2F
* also increase. A net effect which 
can be observed is that the population of Kr2F
* molecules 
grows faster with pressure than the population of KrF* 
molecules. This is due to the three body reactions (1). 
This is shown in Fig.2 by plotting the ratio of light inten-
sities of the KrF* and Kr2F
* emissions versus pressure. 
Fig. 2: Intensity ratio of the KrF* and Kr2F
* emissions. 
 
In summary is shown, that information about the gas 
kinetic processes in the laser medium of the experiment 
described in ref. [1] can be obtained by studying the pres-
sure dependence of the spontaneous emission.  
References 
[1] A. Ulrich, A. Adonin, J. Jacoby, V. Turtikov, et al., 
Phys. Rev. Lett. 06, 2006. 
[2] A. Adonin, J. Jacoby, V. Turtikov, A. Fertman, et al., 
NIM A, 2007. 
[3] Ch. K. Rhodes, Topics in Appl. Phys., Vol. 30, 1984. 
* *
2KrF Kr Ar Kr F Ar+ + → +
* *
22KrF Kr Kr F Kr+ → +
 
Gas pressure  (bar) 
I K
rF
* 
/ 
I K
r2
F
*
 
0
0,05
0,1
0,15
0,2
0,25
0,3
0,35
1,2 1,3 1,4 1,5 1,6 1,7 1,8 1,9 2
 
0
500
1000
1500
2000
2500
3000
200 300 400 500 600 700 800 900 1000
Wavelenght  (nm) 
In
te
n
si
ty
  
(a
.u
.)
 
PLPY-PHELIX-09
283
Simulations of High-Energy-Density Physics Experiments at HHT Using SIS18
Uranium Beam∗
N.A. Tahir, GSI, Darmstadt, Germany
A. Shutov, I.V. Lomonosov, IPCP, Chernogolovka, Russia
A.R. Piriz, University of Castilla-La Mancha, Ciudad Real, Spain
D.H.H. Hoffmann, GSI and TU Darmstadt, Germany
C. Deutsch, LPGP, University of Paris–Sud, Orsay, France
Abstract
This contribution presents numerical simulations of two
recent High Energy Density (HED) physics experiments
carried out at the GSI HHT experimental area using the
SIS18 uranium beam. In one experiment, a solid lead tar-
get has been used while in the other case, a solid tungsten
target has been considered. Our simulations show that with
the existing beam parameters, one can achieve critical tem-
perature in lead while the deposited energy is not sufficient
to access the critical parameters of tungsten.
Simulation Results
During the past three years, experiments on heating of
matter using the presently available uranium beams have
been carried out. Several different target materials includ-
ing lead, copper, tungsten, sapphire and many others have
been used. In this section we present numerical simula-
tions of two typical experiments that have recently been
performed. A two-dimensional hydrodynamic computer
code, BIG-2 [1] has been used to do these simulations. This
code includes a semi-empirical equation-of-state model [2]
to treat different phases of matter that exist during heating
and expansion of the target material. For energy deposi-
tion by the projectile ions we use cold stopping [3] which
is a valid approximation because the target temperature re-
mains low in these experiments.
In most of the experiments, plane HIHEX geometry is
used and the beam-target configuration is shown in Fig. 1.
A thin metallic plate that is enclosed between two blocks of
sapphire is irradiated with the ion beam that has an elliptic
focal spot. The heated material expands and the expansion
is limited by the sapphire blocks, which at the same time al-
low for diagnostics because of transparency of sapphire to
infrared, visible and ultraviolet radiation. A beam blocker
is used to avoid destruction of the sapphire plates by direct
irradiation with the ion beam.
We present simulation results of two experiments in
which we use lead and tungsten as target material, respec-
tively. The beam intensity, N = 2 × 109 uranium ions
with particle energy 350 MeV/u and a bunch length of
130 ns (FWHM). Power distribution in the beam focal spot
is represented by a two-dimensional Gaussian which has
FWHMx = 0.45 mm and FWHMy = 0.3 mm. The tem-
poral beam intensity profile is shown in Fig. 2. Figure 3
∗This work was supported by the BMBF
Figure 1: A schematic diagram of plane HIHEX geometry
used in the current experiments.
shows the plane of experimental observation and the region
of calculation, which is a quarter of the cross section.
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Figure 2: Temporal beam intensity profile as obtained from
the accelerator and used in experiments.
Simulation results using a lead target are shown in
Fig. 4 where we plot three-dimensional (pressure-volume-
temperature) EOS surface of lead in red. The blue region
shows the trajectories of different parts of the target that
are traversed during heating and expansion. It is seen that a
part of the target material passes through the critical point
PLPY-PHELIX-10
284
Figure 3: Beam-target geometry used in simulations of the
HED matter experiments.
region which indicates that with the existing beam intensi-
ties, it is possible to access the critical point of lead.
Figure 5 shows the same variables as Fig. 9, but for a
tungsten target. It is seen that with the current beam in-
tensity, the critical point for tungsten can not be accessed.
This is because the estimated specific energy to access the
critical point for tungsten is 5 kJ/g which is much higher
than the current level of energy deposition.
Further can be found in Ref.[4].
Conclusions
The commissioning experiments performed at the GSI
HHT experimental area show that an intense heavy ion
beam is a very efficient tool to induce HED states in matter.
The simulations presented in this contribution show that us-
ing the moderate intensities of the uranium beam delivered
by the SIS18, one can achieve the critical parameters of
lead. However, for materials like tungsten which have a
higher critical temperature, one needs much higher beam
intensities to access the critical parameters.
(please contact: n.tahir@gsi.de).
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Abstract
This contribution presents three-dimensional numerical
simulations of the LAPLAS target [N.A. Tahir et al., Nucl.
Inst. Meth. A 544 (2005) 16] including elastic-plastic ef-
fects. These calculations have shown that the shock dy-
namics is not significantly affected by inclusion of these
new physical effects which demonstrates the validity of the
previous calculations.
Introduction
The LAPLAS experimental scheme (beam-target geom-
etry) is shown in Fig. 1. It is a multi-layered target that
consists of s solid cylinder of frozen hydrogen that is en-
closed in a cylindrical shell of a high-Z material like Pb
or Au. One face of this target is irradiated with an intense
ion beam that has an annular focal spot whose dimensions
are chosen in such a way that the hydrogen is not directly
heated by the ion beam. Moreover a small ring shaped part
of the surrounding shell is left around the hydrogen which
is called ”payload”. The high pressure in the beam heated
region leads to a low-entropy compression of the hydrogen.
Previously [1, 2, 3] we carried out two-dimensional hydro-
dynamic simulations of implosion of the LAPLAS target
that showed that in most of the cases, the payload shell will
remain in solid state and hence will retain its elastic proper-
ties. Analytic work [4] has shown that elasticity will have
stabilizing effect on the Rayleigh-Taylor instability of the
payload shell. In the previous simulations, elastic-plastic
effects were not included. We have now carried out three-
dimensional numerical simulations of the LAPLAS target
implosion that also include elastic-plastic effects. These
calculations show that the implosion dynamics is rather in-
sensitive to inclusion of these additional physical effects.
Simulation Model
The simulation results presented in this section have
been done using a three-dimensional computer code that
is based on an individual particle in cell scheme [5]. It in-
cludes energy deposition by projectile particles using a full
particle tracking scheme whereas the physical state of the
target material is treated using a semi-empirical equation
of state (EOS) model [6]. The elastic effects are included
using an ideal elasticity model that means Hook’s law com-
plemented with yield criterion. To describe material flow in
Figure 1: Beam-target geometry for the LAPLAS experi-
mental scheme.
an elastic medium, Prandtl-Reuse equation of plastic flow
is used:
sn+1ij = s
n
ij + 2 ·G ·
(
eij − 13δijTrVˆ
)
, (1)
where eij =
1
2
(
∂vi
∂xj
+
∂vj
∂xi
)
is components of strain
tensor Vˆ , δij is Kronecker’s delta.
To describe plastic regime of material deformation von
Misses yield criterion with Wilkins normalizing procedure
is used in the following form:
sij =
⎧⎪⎪⎪⎨
⎪⎪⎪⎩
sij , J <
2
3
Y0
sij ·
√
2
3
Y 20
√
J
, J >
2
3
Y0
(2)
where J =
∑z
i=x
∑z
j=x s
2
ij and Y0 is yield strength.
Simulation Results
In these simulations we used a lead as well as a gold
shell in the LAPLAS target with a length, L = 5 mm, inner
radius = 0.4 mm and an outer radius = 3 mm. The target
is driven by a uranium beam with an intensity of 5 · 1011,
bunch length = 50 ns having an annular focal spot with an
inner radius of 1.0 mm and an outer radius of 1.5 mm.
It is to be noted that the waves propagate in an elastic
medium at longitudinal speed of sound given by [7]:
cl =
√√√√B + 43G
ρ
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Target G (GPa) B(GPa) cs(km/s) cl(km/s)
Pb 5.6 45.33 1.99958 2.15798
Au 27 175.95 3.01901 3.31349
Table 1: Values of longitudinal speed of sound
where B and G are the bulk and shear moduli respectively.
The calculated values for the longitudinal speed of sound
for gold and lead are given in Table 1.
The distance between wave fronts traveling with cs and
cl at 100 ns, Δ100 ns is 0.016 mm and 0.030 mm for lead
and gold, respectively. This shows that inclusion of the
elastic effects will not lead to any significant change in the
shock dynamics in case of a LAPLAS implosion.
The pressure profiles achieved in numerical simulations
with and without elastic effects in case of lead and gold
shells are plotted in Figs. 2 and 3 respectively. It is seen
that in case of lead, no difference is observed between the
results including and excluding the elastic effects at this
time. Fig. 3 shows a very small elastic precursor in case of
gold.
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Figure 2: Pressure vs radius in case of lead at t = 150 ns.
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Figure 3: Pressure vs radius in case of gold at t = 150 ns.
The corresponding density profiles at t = 100 ns for lead
and gold are shown in Figs. 4 and 5 respectively.
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Figure 4: Density vs radius in case of lead at t = 150 ns.
 0
 5
 10
 15
 20
 25
 0  0.5  1  1.5  2  2.5  3
rh
o,
 g
/c
c
R, mm
Time: 150.00 ns
without EP effects
with EP effects
Figure 5: Density vs radius in case of gold at t = 150 ns.
It is concluded that elastic effects will not make any no-
ticeable change in the previous simulations of the LAPLAS
target.
(please contact: n.tahir@gsi.de).
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Richtmyer-Meskov (RM) instability is a well known
phenomenon in hydrodynamics that occurs whenever a
shock wave traverse the interface between two fluids. The
LAPLAS (Laboratory of Planetary Sciences) experiment
planned at GSI to be performed on the future FAIR facil-
ity for the study of high energy density states of matter,
requires the low entropy implosion of a gold or lead cyl-
inder driven by an intense ion beam in order to compress
a material sample placed in the axial region. RM instabil-
ity may occur during the implosion spoiling the experi-
ment. Besides, RM determines the initial conditions for
the later development of Rayleigh-Taylor instability.
However, in the LAPLAS experiment the RM instability
analysis must take into account that the media the process
involve materials that remain in solid state during the im-
plosion thus retaining its elastic and plastic properties.
Here we have studied the RM dynamics of the interface
between two perfectly elastic solids by means a simple
analytical model and by two-dimensional simulation with
the code ABAQUS and we find that because of the elastic
properties of the material, the interface oscillates stably a
characteristic period T  and amplitude determined by the
material properties and shock intensity.
Figure 1: Oscillation period as a function of the shear
moduli ratio
For the analytical treatment we assume that asymptoti-
cally, after the shock traversed the interface, the only
force acting on the interface is the restoring elastic force.
Thus, by using the simple method developed in Ref.[1,2]
that is based in the Newton second law for the interface
motion, we find an approximate analytical formula for the
interface oscillation frequency  = 2 /T in terms of the
material parameters (densities 1 and 2, and shear moduli
G1 and G2). As a first step, by considering the constitutive
model for a Hookean solid, we obtain the total elastic
force acting on the interface due to both materials at each
side of it [3]:
                                                                               , (1)
where  is the instantaneous amplitude, 0* = 0(1-v/u) is
the post-shock initial amplitude (0 is the initial ampli-
tude, u is the velocity of the incident shock and v is the
velocity gained by the shocked interface), k is the pertur-
bation wave number and we have assumed that the veloc-
ity field decays from the interface with a characteristic
length L = /k. Here  =1.55 and it is a fitting parameter
that we choose in order to best fit the numerical simula-
tions. Therefore the interface equation of motion reads:
. (2)
The previous equation yields the interface evolution by
integrating it with the initial conditions (t = 0) = 0  and
˙  (t = 0) = v0 :
             . (3)
We have performed extensive simulations with the 2D
simulation code ABAQUS to validate the previous model.
In Fig.1, we represented the dimensionless period T/T0 as
a function of the ratio G2/G1 for the case 2 /1 = 6.182
and varying the rest of the parameters that appear in
Eq.(2). Similar results are obtained for a given shear
moduli ratio and varying the density ratio. In all the cases
we find an excellent agreement between the simple model
and the simulations. We have also performed simulations
to determine the initial velocity v0 which cannot be ob-
tained from the model. We find that this velocity corre-
sponds to the classical velocity (G=0) at the time t=T
when the system can feel the effects of the material elas-
ticity [3]. This is an interesting result that may have im-
plications in other RM-like flows where restoring forces
are present as, for instance, in ablation fronts.
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Influence of Recombination on the Free-Electron Avalanche in
Laser-Irradiated Dielectrics
B. Rethfeld
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When transparent solids are irradiated with laser inten-
sities above a certain threshold, strong absorption of laser
energy occurs. The increasing absorptivity is caused by the
formation of a free electron gas in the conduction band of
the dielectric. The temporal evolution of the free-electron
density in a dielectric during ultrashort pulse laser irra-
diation plays a fundamental role for numerous investiga-
tions. Applying a kinetic approach to describe the elec-
tron dynamics in the conduction band of a dielectric, we
have shown that the simple rate equation, usually applied
to describe the transient free-electron density, fails on ultra-
short time scales [1]. The reason is a nonstationary shape of
the electronic distribution function: since impact ionization
can be performed only by electrons above a certain critical
engery, the total free-electron density does not determine
the rate of impact ionization in this case.
With the multiple rate equation (MRE), introduced in
[2], I have developed a new widely applicable descrip-
tion, which is valid on a broad range of time scales. This
system of rate equations represents the first description of
the transient free-electron density which keeps track of the
electrons energy distribution while maintaining the concep-
tual and analytic simplicity of standard rate equations. It
considers the nonstationary electron energy distribution at
the initial stage of ionization and provides the transition
to the asymptotic avalanche regime at longer time scales.
The analytic solution for the asymptotic regime yields the
avalanche parameter entering the standard rate equation
and the condition of its applicability.
In [2] the evolution of the free-electron density was stud-
ied for the case of irradiation of SiO2 on timescales in the
femto- to picosecond range. However, recombination pro-
cesses were neglected, though they may play a considerable
role. Especially for quartz, fast recombination processes
on a timescale of about 150 fs are known; here ultrafast
recombination in self-trapped exciton states have been ex-
perimentelly found [3].
Generally, recombination may be included in the multi-
ple rate equation analogously to the extension of the stan-
dard rate equation as proposed in Refs. [4]. Aiming to cal-
culate the stationary long-time behavior, we allow for re-
excitation from the exciton states with a probability Wexc.
With the recombination time τrecomb a modified MRE may
be formulated as:
n˙exc = ntotal/τrecomb −Wexcnexc
n˙0 = n˙pi + 2 α˜ nk −W1pt n0
+Wexcnexc − n0/τrecomb
n˙1 = W1pt n0 −W1pt n1 − n1/τrecomb
n˙2 = W1pt n1 −W1pt n2 − n2/τrecomb
... (1)
n˙k−1 = W1pt nk−2 −W1pt nk−1 − nk−1/τrecomb
n˙k = W1pt nk−1 − α˜ nk − nk/τrecomb ,
where nexc is the density of electrons in exciton states,
ntotal =
∑
i ni and nk the density of high-energy elec-
trons. For the other quantities see Refs. [2].
α = W1pt (21/k-1)=3.843e12/s
tMRE = 261 fs
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The figure shows the transient fraction of high-energy
electrons, which reflects the evolution of the shape of the
free-electron distribution from the initial nonstationary be-
havior towards the asymptotic stationary long-time behav-
ior. A constant laser field amplitude of EL = 100 MV/cm
was chosen and the normalized fraction α˜nk/ntotal was
calculated with the original MRE (solid line) and includ-
ing recombination with different characteristic recombina-
tion times (dashed lines), respectively. For the calculation
we assumed Wexc = W1pt. While the resulting asymptote
strongly depends on the recombination time, the time to
reach the stationary regime, tMRE, does not. The dotted
line shows the corresponding results of the analytical esti-
mation based on the Laplace transform of the unmodified
MRE, i.e. the asymptotic value of the avalanche parameter
and the transition time tMRE. Analytical estimations of the
asymptotic avalanche parameter including recombination
are in progress.
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Investigation of the properties of a MHD plasma valve
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An ion beam has quite different vacuum requirements
in different sections of an accelerator. Behind a stripper
gas or after interaction with a gas target the vacuum con-
ditions are poor, whereas in an accelerator module or es-
pecially in a storage ring the residual gas pressure has to
be orders of magnitude better. As a new device to allow
an ion beam to enter sections of different pressure we
propose to investigate a new kind of plasma valve [1].
The basic principle of the MHD valve uses the Lorentz
force acting upon an ionised gas between an ultra high
vacuum chamber and a gas reservoir up to a pressure of
several mbar. When activated, the MHD valve is com-
posed of a discharge plasma that fills a chamber with
crossed electric and magnetic fields. Gas flowing from the
gas tank into the UHV chamber is ionized by the dis-
charge. The Lorentz force acts now upon the charged par-
ticles due to the crossed electromagnetic fields and repels
them back into the gas chamber. By proper adjustment of
the Lorentz force, the valve can allow any desired gas
flow between the two chambers, or fully block any ex-
change of gas. The MHD valve can even act as an effi-
cient vacuum pump to improve the vacuum conditions in
the high vacuum section. High energy particles reaching
the valve from the high vacuum side will penetrate the
fields and the plasma. For heavy ion beams the MHD
valve would therefore act like a window.
The following Figure 1 shows the principle setup of the
MHD valve.
Fig.1: Schematic view on the MHD valve.
1. Electrode connection
2. Pole piece
3. Flange connection
4. Magnetic core
5. Connection to the electromagnets field coils
6. Field coil
7. Aperture opening
8. Discharge chamber
In comparison with the plasma window of A. Hershco-
vitch [2,3], which establishes a vacuum-air separation by
means of a viscosity change due to an temperature gradi-
ent induced by an arc discharge, the MHD valve needs
ionized gas as a result of its basic principle of operation.
Because of this, the gas discharge should reach electron
densities of approximately ne >1016 cm-3, which is at the
threshold to LTE (Local Thermal Equilibrium). The elec-
tron temperatures will be in the range of 1eV. According
to the plasma parameters a low pressure arc discharge is
required with an appropriate power source.
Unlike traditional valves or membranes, a MHD valve
has no moving parts and should establish a vacuum-gas
separation much faster. The lack of mechanical parts
should increase the reliability of the valve. In contrast to
foils used at the GSI and many other facilities for vac-
uum-gas separation, which usually have a life time of
only a few ion shots at high beam intensities and which
therefore can cause severe damage and extensive mainte-
nance of the entire accelerator system when they burst
unexpected.
Until now the main construction and design of the
MHD valve have been accomplished. For the power sup-
ply to maintain the arc inside the valve a 3 kW dc power
supply will be used. The detailed technical design of the
electrode structure in the valve is still under considera-
tion. The aim is to reduce sputtering effects from the walls
of the discharge. Due to the high power load to the walls a
cooling system is mandatory. The outer structure will
consist of multiple hollow, water cooled copper segments
located on top of the electrodes and between the magnets,
to maintain continuous operating conditions at maximum
power level.
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Abstract 
We report the major achievements of the construction of 
the Petawatt High-Energy Laser for Heavy-Ion Experi-
ments (PHELIX) that will be capable of producing pulses 
up to the peak power of one PW (1015 W) in 500 fs and 4 
kJ in 10 ns. In July and August, the commissioning of the 
main amplifier (MA) of PHELIX was started employing 
the stretched pulses of the fs-front-end (FE) which were 
amplified in the pre-amplifier (PA) up to 7 J. The MA 
was run in single-pass. The results verified the expected 
gain-voltage characteristics of all five 315-mm aperture 
Nova amplifiers and demonstrated the full functionality 
of all mechanical and optical components, the pulsed 
power, the control system, as well as the timing. We also 
gained first data of the beam pointing stability and the 
wave-front aberrations of the chain. In December, the 
MA was run in double-pass for the first time. To mini-
mize the risk of damage during these first shots, the PA 
and MA were adjusted for generating the output energy 
of 133 J corresponding to 27% of the expected maximal 
output energy of 500 J for the 0.5 ns amplified stretched 
pulse. First experiments aiming at the charge-state char-
acterization of plasmas suited for transient collisionally 
excited x-ray lasers were performed with 50 J.  
Another important milestone was the completion of the 
fabrication of the PW compressor vacuum chamber that 
was cleaned to clean room 100-standard and stored in the 
PHELIX laser bay in August. The large-size multi-layer 
dielectric gratings were also delivered. A new single-shot 
autocorrelator with a dynamic range of 60-dB was devel-
oped and successfully tested [1].  
The design of the beam transport to the Z6 experimental 
area is almost completed. For the two 520-mm diameter, 
85-mm thick BK7 periscope mirrors in the laser bay 
tower, a six-point whiffletree back support was designed 
to effectively counteract the gravity sag and unavoidable 
deformations introduced by conventional mirror mounts.  
Furthermore, the requirement document of the beam line 
to the PW compressor at the HHT cave was completed. 
Two experimental campaigns with the PA output were 
carried out, one investigating the proton acceleration 
from the rear side of micro-structured thin foils and the 
other continuing the soft X-ray laser program. A major 
success is the demonstration of the nickel-like silver laser 
enabling the spectroscopy of high-Z Li-like ions in the 
storage ring.  
 
The PHELIX Mission 
The PHELIX project is a close cooperation with the 
Lawrence Livermore National Laboratory (LLNL) in the 
USA and the Commissariat à l’Energie Atomique (CEA) 
in France. PHELIX will offer the unique combination of 
highly-charged heavy-ion and high-energy laser beams 
thus providing the opportunity to investigate a variety of 
fundamental science issues in the fields of atomic, nu-
clear, and plasma physics.                                                                         
 
 
Figure 1: Schematics of PHELIX. The front-end (FE) 
includes the MIRA oscillator, the stretcher, and the re-
generative amplifier. The pre-amplifier (PA) section con-
sists of the serrated aperture, two 19-mm rod amplifiers, 
two Faraday rotators, one-45-mm rod amplifier, one 
Pockels cell, and four telescopes. The main amplifier 
(MA) consists of five 315-mm aperture Nova amplifier 
sections each containing two disks. The beam passing 
through the MA has a diameter of 26 cm which is magni-
fied to 35 cm by the final relay telescope. 
Fig. 1 shows the schematics of the fs-option of PHELIX 
which will deliver pulses of up to 500 J in 500 fs. The ns-
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front-end will generate pulses of up to 10 ns and will thus 
allow a maximum energy of up to 1 kJ. The maximum 
energy is limited by the damage threshold of the FR-5 
glass of the Faraday isolator. With the booster amplifier 
(not shown in Fig. 1), the energy may be increased to 4 
kJ for 10-ns pulses.  
 
MA Performance in Single and Double Pass 
The purpose of the single-pass measurements carried out 
in July and August was fourfold: (i) to confirm the ex-
pected gain-voltage characteristics of the MA, (ii) to test 
the reliable functioning of all flash lamp discharge cir-
cuits and the control system of all amplifiers and Pockels 
cells and their proper timing, (iii) to measure the beam 
pointing stability and shot-induced wave front aberra-
tions needed for the calculation of the on-target fo-
cusability, and (iv) the system’s thermal recovery time 
from the thermal loading caused by the flash lamps and 
the associated deformations of the laser disks. The recov-
ery time determines the shot repetition rate.   
MA single-pass operation. The 0°-degree retro mirror 
(def. mirror MM1 in Fig. 1) was replaced by a 45°-
diagnostic mirror guiding the beam to a full beam size 
calorimeter. The 2% leak of this mirror was used to 
measure the near and far fields as well as the pointing 
stability and wave front aberrations of the pulse.  The 
campaign comprehended 22 successful shots. (i) Fig. 2 
shows the MA gain and the output energy versus the 
voltage of the MA capacitor bank. At the envisaged volt-
age of 18 kV, the single-pass gain is 12 and 144 in dou-
ble pass and hence sufficiently high to compensate for 
various losses so that chirped pulses of 500 J or 1-kJ 
pulses of 10-ns duration are easily achievable. (ii) After 
some minor improvements, all flash lamp discharge cir-
cuits, the control system, and the timing worked very 
reliably.   
 
Figure 2: MA single-pass gain (scale left) and output 
energy (scale right) versus voltage of the capacitor bank. 
The MA input energy was 5 J for all shots.  
 
(iii) Quantum-defect heating and inhomogeneous absorp-
tion of the pump light in the amplifiers cause refractive 
index perturbations and changes in the thickness and sur-
face topology of the laser disks which distort the wave 
front (WF) of the pulse and lead also to a deflection of 
the beam. The frames a, b, and c in Fig. 3 show the near 
field (NF), the WF map, and the far field (FF) of a 50-J 
pulse from the MA. Besides defocus the primary aberra-
tions are astigmatism and coma originating mainly from 
the PA. The defocus is easily correctable by changing the 
position of one of the lenses in the telescope following 
the 45-mm rod amplifier. The deformable mirror behind 
this telescope (DMPA) can compensate astigmatism and 
coma (see Fig. 1). The shot-to-shot WF aberrations and 
the beam deflection are tolerable and meet our require-
ments as specified in [2].  
 
 
 
 
 
Figure 3: (a) and (c) NF and FF fluence patterns and (b) 
WF map of the NF at 50-J output energy from the MA. 
Patterns (d) and (e) show the FF generated with the FE 
only 1h54’ and 1h19’ after firing the MA, respectively. 
In each shot, the MA delivered 20 J. In (e) the long-term 
WF distortions are pre-compensated by the DM.        
 
(iv) Besides these instantaneously occurring WF aberra-
tions, the disks also suffer from long-term distortions due 
to heat transfer from the hot flash lamps. The recovery 
time from these distortions was measured to be 3h (see 
[2]). The recovery time can be significantly shortened to 
~1h20’ by using the DMPA (see frame d) in Fig.3).  
MA double-pass operation. After several improvements 
of the stability of the opto-mechanics, the MA injection 
box, the PHELIX Control System (PCS), and the FE, the 
first shots with the MA run in double pass were executed 
in December. In order to minimize the risk of optical 
damage, the PA and MA were operated at a fraction of 
their regular pump level. Typical PA output energies and 
the double-pass gain in the MA were restricted to ≤ 2 J 
and ≤ 70, respectively. The highest output energy achie-
ved under these conditions was 133 J corresponding to 
27% of the projected output energy of 500 J. The near-
field fluence pattern looked similar to that measured in 
the single-pass measurements whereas the far-field pat-
tern and the wave front map clearly showed the expected 
increase in astigmatism and coma. A theoretical analysis 
on how chromatic aberrations may be compensated is 
presented in [3]. The uncompressed pulse had a band-
width of 2.8 nm and a duration of 0.6 ns.  
50-J pulses from the MA were focused on tantalum tar-
gets at intensities of ~1015 W/cm². The resulting plasma 
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was spectroscopically investigated as to its charge state. 
These measurements are related to transient collisionally 
excited sub-10nm X-ray lasers which are under devel-
opment at GSI [4, 5].      
In the next shot campaign, the output energy will be fur-
ther increased and the Faraday rotator activated. This is 
indispensable to avoid damage from light retro reflected 
from the target when PHELIX is run at high output ener-
gies. The beam fluence is limited by the damage thresh-
old of the Faraday glass which due to platinum inclusions 
is only 2.6 J/cm² at 0.8 ns .  
 
Petawatt Compressor Chamber 
The compressor vacuum chamber was manufactured and 
cleaned in August and then stored in the laser bay where 
it will be validated in 2007. The chamber consists of two 
cylinders connected by a square middle piece. Both 800 x 
400 mm² The multi-layer dielectric gratings were deliv-
ered from LLNL in December 2006. However, for the 
first shots in the laser bay where the beam may not be 
magnified the 475 x 400 mm² multi-layer dielectric grat-
ings procured from Horiba-Jobin-Yvon will be used.   
A single-shot 2nd-order autocorrelator with significantly 
improved dynamic range of up to 60-dB was developed 
and successfully tested at PHELIX and at LULI. The 
details are outlined in [1].  
 
The Beam Line to Z6 
Fig. 4 shows the mirror tower in the laser bay and the two 
periscope mirrors directing the PHELIX beam to the Z6 
experimental area. To avoid the gravity sag and unavoid-
able deformations arising from conventional mirror 
mounts, each of these mirrors will have a six-point 
whiffletree back-support. The manufacturing of the re-
quired components for the two mirrors in the laser bay 
tower will start in February 2007.  
  
 
Figure 4: Mirror tower in the laser bay (left) and peri-
scope mirrors with six-point whiffletree back support 
(right).  
 
The Beam Line to HHT  
The beam line from the laser bay (LB) to the experimen-
tal area in the HHT cave traverses the ESR hall over a 
distance of 55 m at 7 m above ground and consists of two 
parts, the beam lines 1 (BL1) and 2 (BL2). BL1 (see Fig. 
5) connects the LB with the Petawatt compressor (PC); 
BL2 leads the compressed PHELIX pulse to the HHT 
cave located on the ground floor of the ESR (Experimen-
tal Storage Ring) hall. The BL1 combines relay imaging 
and spatial filtering with the beam magnification from 26 
to 35 cm so that the full 800-mm length of the LLNL 
compressor gratings can be fully used for the generation 
of the PW pulse. The optical design including the dam-
age detectors for the telescope lenses has been com-
pleted. The mechanical design is in progress.  
 
 
 
Figure 5: Beam lines BL1 and BL2 in the ESR hall. BL1 
connects the mirror tower in the laser bay with the com-
pressor chamber and BL2 the compressor chamber with 
the HHT cave.  
 
Experiments with Pre-Amplifier Pulses 
The PA output energy was set to 5 J yielding 3.5 J after 
compression. The compressed pulses were used for pro-
ton acceleration from the micro-structured rear side of 
thin metal foils. The proton spectrum is exponential and 
the cut-off energy reaches 1 MeV. The images of the 
target rear side generated by the proton beam on plastic 
CR39 sheets and radio-chromic films are being analyzed. 
In another campaign, the soft X-ray laser program was 
continued by investigating the grazing incidence pump 
scheme (GRIP). In this geometry, the Ni-like silver laser 
[5] could be demonstrated. The wavelength of 13.5nm 
and the measured beam quality are suited for the planned 
spectroscopy of highly charged ions in the injection 
channel of the ESR. The long-term goal of this activity is 
the study of nuclear properties of radioactive isotopes 
within the FAIR project. 
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Wavefront measurements of the PHELIX beam
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The peak intensity achievable in the focal spot with
PHELIX is strongly reduced by thermo-optical aberrations.
These are due to the thermal load of the pump process. Two
types of aberrations are distinguished. Immediate phase
distortions, also referred to as pump-shot aberrations, occur
in the rods and disks due to quantum defect heating and in-
homogeneous pump light absorption. Aberrations arising
during the thermal relaxation after firing are called long-
term aberrations. Amplifiers must cool down after a shot.
While the water-cooled rod amplifiers at the pre-amplifier
are cooled down in a few minutes, the air-cooled disc am-
plifiers at the main amplifier (MA) need several hours to
relax to their initial state. By knowledge of the thermo-
optical aberrations, the distorted intensity pattern in the fo-
cal spot can be predicted and the requirements be specified
that have to met by adaptive optics for the correction of
these aberrations.
Pump-shot and long-term aberrations
Both aberration types were measured in the MA operated
in single pass [1]. To measure the pump-shot aberrations,
a series of shots every 3 hours with the same laser param-
eters (MA energy input of 5 J, MA gain of 10, etc) was
analyzed. To separate the influence of the pre-amplifier
from that of the MA we had to measure the wavefront in
front of and behind the MA in two different series. Both
measurements are plotted in figure 1. The MA introduces
mainly astigmatism, second-order astigmatism and second-
order coma along the principle axis of the discs. Defocus is
mainly due to the pre-amplifier. The magnitude of defocus
and astigmatism is predictable and correctable with a static
deformable mirror and a movable lens [2]. To compensate
higher-order aberrations, the use of an actively controlled
adaptive mirror is planned.
The long-term aberrations were measured every five
minutes after firing with the alignment beam. The peak-to-
valley (pv-)aberrations are shown in figure 2. Ten minutes
after a shot, the aberrations had grown up to two wave-
lengths λ. After three hours the initial value is reached.
These huge and strongly fluctuating aberrations limit the
repetition rate of PHELIX to 1 shot in 3 hours. The thermo-
optical aberrations occurring when the MA is run in the
final double pass configuration will be analysed in 2007.
Adaptive optics
It is planned to compensate the long-term aberrations
with an adaptive mirror. In a preliminary experiment we
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Figure 2: Long-term aberration of the main amplifier over
time.
demonstrated that we could compensate these after 78 min-
utes. The application of adaptive optics is currently limited
by the fast change rate of the long-term aberrations. In fu-
ture we will try to compensate pump-shot and long-term
aberrations simultaneously.
References
[1] H.-M. Heuck, “Einsatz adaptiver Optik und Kompensation
chromatischer Aberration beim Petwattlaser PHELIX,” Ph.D.
thesis, TU Clausthal (2006).
[2] H.-M. Heuck, C. Ha¨fner, et al., Proceedings of the 4th In-
ternational Workshop on Adaptive Optics for Industry and
Medicine, (Springer, Berlin Heidelberg New York, 2005).
PLPY-PHELIX-16
294
Chromatic aberration at PHELIX
H.-M. Heuck1,2, P. Neumayer1, M. Hagemann1, K. Witte1, T. Ku¨hl1, and U. Wittrock2
1GSI, Darmstadt, Germany; 2FH Mu¨nster, Steinfurt, Germany
Chromatic aberration in femtosecond lasers
The influence of the dispersion of glass seams only rel-
evant for femtosecond lasers with a pulse length below
100 fs. This commonly used approximation holds only for
visible and IR light. For UV fs-laser Z. Bor stated out that
due to the large dispersion in the UV regime fs-pulses with
a duration of a few hundred femtoseconds are significantly
affected in lenses by the group delay [1]. When a pulse
travels through a lens, the pulse is more delayed in the cen-
ter than on the the edge of the lens. A previously plane
pulse get curved. When a curved pulse is focused, the in-
tensity in the focal spot is reduced. The energy from the
edge of the pulse reaches the focal spot at an earlier time
than the energy in the center of the pulse. For a singlet lens
the radius dependent delay can be calculated:
T (r) =
−λ0
2cf0(n0 − 1)
dn
dλ
· r2, (1)
where n0 is the refraction index of the lens material at the
center wavelength λ0, f0 the focal length and r the radial
position, c the speed of light and dndλ the dispersion of the
lens material. Equation 1 shows that the delay depends
quadratically on the radius.
Influence of chromatic aberration at PHELIX
At PHELIX the beam diameter is expanded up to 28 cm
and the radius dependend delay can not be neglected any
more also in the IR regime. The delay caused by all tele-
scope lenses between the center and the edge of the pulse is
in the same order of magnitude than the ideal pulse length
of 500 fs. To predict the influence of the chromatic aberra-
tion in the focal spot we have developed a numerical model
based on the commercial physical diffraction propagation
code GLAD and Mathematica. This model allows to cal-
culate the propagation through an optical system, e.g. the
PHELIX telescopes, with an arbitrary intensity distribution
and arbitrary spatial phase aberrations.
Figure 1 shows the calculated impact of the pulse time
delay for a pulse with an initial durations of 500 fs and
a super-Gaussian intensity distribution. As expected, the
achievable focused intensity starts to be significantly af-
fected for a pulse time delay greater than the initial pulse
duration. For PHELIX the intensity decrease is around
35%. A more detailed analysis allowing for different near
field intensity shapes and with presence of spatial aberra-
tions is given in [2].
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Figure 1: Peak intensity I in the focal spot normalized to
that in absence of chromatic aberration I0 versus the pulse
time delay for an initial pulse durations of 500 fs
Compensation of chromatic aberrations
Chromatic aberrations can be avoided by using achro-
matic systems at least for all large size lenses. Even if such
large achromats can be fabricated this approach would be
expensive. A more cost effective and easily implemented
solution is pre-compensation of the chromatic aberration of
the telescope lenses at an earlier position in the beam path
at a smaller beam diameter. We have developed a concept
to pre-compensate the chromatic aberrations [2]. A positive
diffractive lens and a negative refractive lens are combined
to a nearly non magnifying telescope. The dispersion of re-
fractive lenses is opposite and around 30 times larger than
refractive lenses. This allows pre-compensating of chro-
matic aberration with a beam diameter of 2 cm. Such a re-
fractive lens was presented by Kessler [3] and will increase
the peak intensity of PHELIX in future. Finally, in order
to allow measuring of the pulsfront delay in the amplifier
chain, a self-referencing auto-correlator was developed.
References
[1] Z. Bor, “Distortion of femtosecond laser pulses in lenses and
lens systems,” J. Mod. Opt. 35(12), 1907–1918 (1988).
[2] H.-M. Heuck, P. Neumayer, T. Ku¨hl, and U. Wittrock, “Chro-
matic aberration in petawatt-class lasers,” Appl. Phys. B 84,
421–428 (2006).
[3] T. J. Kessler, “Diffractive Optics for Compensation of Axial
Chromatic Aberration in a High-Energy, Short-Pulse Laser,”
in ICUIL (2006).
PLPY-PHELIX-17
295
A Single-Shot-Autocorrelator with 60-dB Dynamic Range 
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The development of single-shot, high-dynamic-range 
temporal measurement devices has become necessary for 
characterizing high-energy petawatt laser pulses. Because 
of the low repetition rate of such systems, no device 
offers high-dynamic-range measurements in a single-shot 
mode. In addition, investigating the unexpected temporal 
behavior of pulses amplified by new techniques such as 
analyzed in reference [1] or the alignment complexity of a 
large-size petawatt-class compressor require the 
development of a device with a high-dynamic range and 
single-shot operation.  
We have developed a simple detection scheme that can 
be applied to a cross-correlator setup and improves its 
dynamic range by several orders of magnitude. We use an 
8-bit CMOS camera that, thanks to noise reduction, yields 
a signal that spans over 40-dB dynamic range. With the 
addition of a single optical element –an optical wedge– to 
make a replica of the signal, we can further increase the 
detectable dynamic range to 60-dB without loosing the 
simplicity of the setup. This method is truly single shot 
and ideally suited for the single-shot autocorrelator setup, 
where the commonly admitted optical dynamic range is 
matched by our detection scheme.  
 
Figure 1: (a) Using a 1° uncoated wedge, a signal replica 
with an intensity ratio of 0.0018 is created. (b) CMOS 
camera image showing the three areas used for the signal 
retrieval. 
Figure 1 shows the detection setup. The autocorrelator, 
not shown in the figure, is a standard single-shot 
autocorrelator [2], where the beam is being focused, near 
the crystal generating the second harmonic signal, into a 
line focus by a cylindrical lens. After that, the lens L2 
images the crystal surface to the detector. The picture on 
the right (Fig. 1.b) is a snapshot of the camera readout 
displaying the three different areas used to compute the 
signal. The main area is the direct image of the crystal, 
where time has been mapped as a function of x 
(horizontal dimension). This signal area is heavily 
saturated but thanks to the use of the CMOS detector, the 
blooming effect is minimal and does not contaminate the 
other parts of the image. The second part of the image is 
the replica of the signal, which is generated by the 
wedged uncoated substrate located between the non-linear 
crystal and the imaging lens. The intensity of this signal is 
0.0018 times that of the main signal and the laser intensity 
is adjusted so that this signal fully uses the 8-bit dynamic 
range of the camera. The third part is the background 
reference area that is used to improve the signal-to-noise 
ratio. 
The calibration procedure includes several steps to 
efficiently remove the background noise, to match the 0 
delay of both signal traces and to verify the wedge 
attenuation as well as the camera linearity, if needed. 
Then, an automated image analysis process retrieves the 
two traces and stitches them together such that the device 
can be used in single-shot mode, at a repetition rate up to 
a few Hertz for alignment or in single-event mode. The 
typical trace is shown in Figure 2, where the pulse has 
been offset temporally so that a window up to 20-ps long 
is available. The main result is: the detection dynamic 
range, from the signal peak to the detector background 
level is about 60 dB. 
 
Figure 2: Autocorrelation signal of the single-shot 
autocorrelator using the full detection scheme. The sharp 
edge on the right is the cut off given by the crystal size. 
This scheme is not only limited to the 2-ω 
autocorrelator; a 3-ω cross-correlator setup could benefit 
from a similar scheme, especially if the dynamic range of 
the detection can be extended beyond 60 dB.  
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A Non-Normal Incidence Pumped Ni-Like XRL for Spectroscopy of Li-Like 
Heavy Ions at GSI/FAIR  
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One of the unique features of the PHELIX installation 
is the combination of the ultra-high intensity laser with 
the heavy-ion accelerator facility at GSI and its planned 
extension FAIR. One proposal within the SPARC pro-
gram is the generation of high quality X-ray laser beams 
for X-ray laser spectroscopy of highly-charged ions. The 
long range perspective is the study of nuclear properties 
of radioactive isotopes within the FAIR project. A novel 
single mirror focusing scheme for the TCE (transient col-
lisional excitation) XRL has been successfully imple-
mented by the LIXAM/MBI/GSI collaboration under dif-
ferent pump geometries [1]. Intense and stable laser op-
eration with Ni-like Zr and Ni-like Ag, sufficient for laser 
spectroscopy up to Li-like lead, was demonstrated at 
pump energies between 2 J and 5 J from the PHELIX pre-
amplifier section. In a similar experimental set-up, opera-
tion of an XRL at 19 nm was achieved with 1.4 J pump 
energy at 10 Hz repetition rate at the Lund Laser Centre 
[2].  
The XRL experiments at GSI were performed using the 
output from the pre-amplifier section of PHELIX. The 
pump beam of 2 to 8 J energy is split into two parts: 75% 
of the energy are entering in a single grating, double-pass 
compressor which re-compresses the pulse down to 
400 fs. The remaining 25% of the energy are directly 
transported to the target. 
 
Figure 1: Emission spectrum of the laser plasma demon-
strating the dominance of Ni-like lines, recorded with an 
XUV flat-field grating with an average line density of 
2400/mm 
This nanosecond pulse serves to create a plasma col-
umn several hundreds of picoseconds before the impact of 
the compressed pulse. Due to the ultra-high intensity of 
the short ps-pulse this plasma is rapidly heated, which 
leads to a non-stationary population inversion, with a high 
transient gain. The compressed pulse is focused onto the 
same position on the target by a single, gold coated, 
6 inch diameter on-axis parabola. Tilted at an incidence 
angle of 9°, this naturally generates a line focus of 30 μm 
- 100 μm width and over 5 mm length. The XRL experi-
ments at PHELIX were performed in two campaigns with 
similar set-ups. The first one was using an incident angle 
on target of 72° for the main pulse. In a second experi-
mental campaign, an incidence angle on target of 45° was 
used. In the latter geometry, an XRL in Ni-like silver was 
demonstrated. 
 
Figure 2: XRL emission of Ni-like silver at 13.9 nm 
(90 eV) 
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We present recent results on the extensive investigation 
of a Ni-like Mo X-ray laser pumped in the transient re-
gime and GRIP (grazing incidence pumping) configura-
tion. The pump laser was the 10 Hz, multi-terawatt, Ti:Sa 
laser system at Lund Laser Centre, Sweden. The main 
diagnostic was a monochromatic near-field imaging sys-
tem with a 1.7 micron spatial resolution. Intense lasing 
was observed routinely at 18.9 nm with up to 3 micro-
Joule output energy and stable operation at 10 Hz was 
demonstrated in 100-shot sequences. We have investi-
gated the role of several pumping parameters, in particu-
lar the relative energy and delay between the long and 
short pulse. A preliminary investigation was done on the 
effect of a low energy prepulse. Finally, the grazing angle 
of the pumping pulse was systematically varied between 
13° and 21°, while keeping all parameters constant. We 
show that this multi-parameter scan leads to a well-
defined optimal zone of operation and better understand-
ing of the GRIP configuration. 
 
Figure 1: Experimental set-up showing the pump laser 
beamlines and diagnostics used to characterize the soft X-
ray laser. 
During a European experimental campaign in January 
2006, we used the GRIP configuration to produce a satu-
rated soft X-ray laser at 18.9 nm from a Ni-like molybde-
num plasma generated with a solid target of 4 mm length 
[1]. A schematic view of the experimental set-up is pre-
sented in fig. 1. After the last amplification stage, the 
CPA Ti:Sa laser system at Lund Laser Centre delivered 
an energy of 1.4 J at 800 nm in a chirped, 300 ps pulse. 
This energy was split into two beams before it entered the 
compressor. One beam remained uncompressed to create 
the plasma and the other beam was compressed down to 
5 ps to heat the plasma and pump the soft X-ray laser 
transition. The splitting ratio between the two pulses was 
adjustable to optimize the soft X-ray laser output. A low-
energy pre-pulse generator was installed on the long pulse 
beam path. For most of the experiment, the pre-pulse pre-
ceded the long pulse by 1.3 ns and contained 7 % of its 
energy. All of those beams were focused in line on a 
4 mm long molybdenum slab target. The effect of using a 
double pulse to create the preplasma has already been 
studied by a large number of groups [2, 3] and is widely 
known to increase the soft X-ray laser emission and to 
reduce the electron density gradient in the gain region. 
For the best conditions, a soft X-ray laser beam of 
3 microjoule output energy was obtained routinely at a 
10 Hz repetition rate: this corresponds to a conversion 
efficiency of 3 10-6 and an average power of 30 micro-
watt. The brightness of this XUV source can be estimated 
by assuming usual values for the pulse duration and band-
width. It is of the order of 6 1017 ph/s/mm2/mrad2/(0.1% 
bandwidth) for the average value and up to 1028 
ph/s/mm2/mrad2/(0.1% bandwidth) for the peak one. 
Those values confirm that GRIP soft X-ray lasers can 
usefully complement third generation synchrotrons or X-
ray free electron laser sources, and provide versatile 
sources for many applications, including XRL spectros-
copy in storage rings [4]. The GSI collaborators' major 
contribution was the development and operation of a 
high-resolution keV imaging system for the plasma emis-
sion. The results of this investigation are still being ana-
lyzed. 
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 Recently, significant progress in the x-ray lasers (XRL) 
development was made by systematically changing the 
incidence angle of the main pump pulse [1, 2]. This graz-
ing incidence pumping method (GRIP) reduced the pump 
energy needed to values below 1J and, as a consequence, 
table-top XRL systems could be demonstrated with repe-
tition rates increased by several orders of magnitude, up 
to 10Hz. This approach was successful in producing XRL 
wavelengths as short as 10.9 nm with less than 2J pump 
energy [3]. In [4] it was demonstrated that the efficiency 
and the peak brilliance of such a GRIP XRL can be sig-
nificantly improved. Up to 3-μJ energy with 1.4J pump 
energy and 1028 ph/s/mm2/mrad2/(0.1%bandwidth) were 
obtained. 
The influence of the non-normal incidence angle of the 
MP was analyzed theoretically in [5] in the attempt of 
scaling the non-normal incidence pumping scheme to sub- 
10-nm and water-window wavelengths. The complemen-
tary theoretical study performed here is oriented toward 
the more detailed description of the MP incidence angle 
effects on the critical electron density region, where a 
higher XRL output could be achieved. This density region 
is important in sub-10nm XRL systems in order to 
achieve significant gain. 
Further, the positive effects observed in this critical 
electron density region by varying the MP incidence angle 
can be enhanced by a variation of the PP incidence angle. 
It is shown here that this plasma shaping technique allows 
to control the electron density distribution and further 
plasma parameters like the distribution of the average 
ionization stage. Experiments reported in [6,7] show that 
these two angles have a key influence on the XRL output.  
The possibility of gain generation closer to the critical 
electron density region was shown in simulations carried 
out with the EHYBRID 1.5D code for a set of optimized 
parameters.  
When varying the PP incidence angle, its optimal value is 
found to be 75° at the MP incidence angle of 30° as 
shown in fig. 1. The local XRL signal is defined assuming 
an exponential increase of the XRL output as a function 
of the gain-length product. For the optimal angle of 75°, 
the local XRL signal is increased by a factor of 6 
compared to that seen at 0° PP incidence angle. Such a 
configuration would be advantageous for a plasma 
amplifier. 
    In conclusion, a systematic study of the influence of 
the PP and MP incidence angles for a transient 
collisionally excited (TCE) Ag XRL was presented. A 
strong local XRL signal appears close to the critical 
electron density region at MP incidence angles around 45° 
which is further enlarged by a factor of 6 when the PP 
incidence angle goes up to 75°. This plasma shaping 
technique is not restricted to the TCE Ag XRL and can be 
beneficially used for materials other than silver as well [8, 
9]. Gain generation closer to the critical density is the key 
for scaling TCE XRL toward sub-10 nm wavelengths. In 
addition, the technique is quite generally suited for 
controlling the electron density distribution via ionization. 
 
 
 
Figure 1: Local XRL signal versus the distance to the tar-
get surface for different PP incidence angles. The MP 
incidence angle is fixed to 30°. 
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The transient collisionally pumped soft X-ray lasers [1] 
are generated by the interaction of two laser pulses with a 
solid target. The target is strongly ionized by the first long 
pulse (100 ps-1 ns) and the second short one (500 fs – 
10 ps) induces the population inversion that is responsible 
for the soft X-ray laser transition. An important feature of 
this type of lasers is the likely extension into the regime 
above 100eV. A key towards this regime could be the 
application of non-normal-incidence pumping as first 
demonstrated by our experiments at the PHELIX front-
end [2] and the use of pulse energies now available at 
PHELIX. Particularly attractive for medical and biologi-
cal research would be the access to the so-called "water-
window", i. e., the energy range between the K-shell ab-
sorption edges of carbon and oxygen needing 300 eV 
photons. For the diagnostics of Warm Dense Matter, 
Thomson scattering of a narrow-band laser source can 
deliver information on the plasma temperature and den-
sity. 
 
Figure 1: View of the experimental set-up. The laser 
beam enters from the left, X-ray emission is analysed 
spatially by a pinhole camera and spectrally by a crystal 
spectrometer. 
The XRL requires a pre-pulse of 20 to 100J energy and 
nanosecond duration and a main pulse of around 100J in 
the picosecond range. During the first period of operation 
of the PHELIX system, ns-pulses of up to 60J were avail-
able in the PHELIX laser building. and were used in a set-
up as shown in fig. 1. The main purpose of the first phase 
of the experiment was to test the plasma diagnostics. A 
crystal spectrometer and an X-ray pinhole camera are 
used to determine the plasma parameters. Spectra of Ag 
plasmas were taken at different laser energies and are 
currently under investigation. The important question is 
the development of the charge state of the plasma, which 
can be determined from the plasma emission lines. In 
addition, reference spectra from aluminium and carbon 
targets for the calibration of the spectrometer were pro-
duced. 
 
 
Figure 2: Spectrometer camera record with preliminary 
energy scale (left) and X-ray pinhole camera image 
(right) of a silver plasma generated by a 60 J shot. 
 
The first experiments demonstrated the ability to pro-
duce and analyse a hot, highly charged plasma as it is 
necessary for the XRL laser scheme. For the final ex-
periments, the ionisation of higher Z material has to be 
studied. 
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ILIAS - Ion and Laser beam Interaction and Application Studies
P. Mulser, Theoretical Quantum Electronics (TQE), TU Darmstadt, T. Schlegel, GSI Darmstadt
Objectives of the ILIAS study group
Founded in January 2005 it is aiming at
(i) preserving the expertise accumulated in the past by
theoretical groups associated to GSI through projects
combining intense heavy ion and high energy laser
beams;
(ii) focussing this expertise to the new goal of establishing
a GSI-specific program involving the PHELIX facility
in combination with the GSI heavy ion accelerators.
The two objectives may be achieved by
• exploring the potential of intense heavy-ion and laser
beams interacting with bulk matter, with mass-limited
systems, and with single particles (clusters, meso-
scopic systems, ions, and nuclei);
• offering theoretical assistance to the PHELIX project
in planning relevant experiments and discussing them
in detail with the experimentalists involved. The
acronym PHELIX as used in the context here stands
for all high-power laser facilities, short pulse, long
pulse, and all kinds of intense laser-matter interaction
research planned at GSI.
• creating a platform for activating synergies by inter-
acting with researchers from German and European
institutions.
Second year’s progress
To disseminate the expertise in plasma, atomic, relativis-
tic, and collective physics among PHELIX a weekly work-
shop/seminar has been launched at GSI in January 2005.
In 2006 it has been successfully continued and intensified
as a joint venture of the ILIAS study group, PHELIX laser
project, and groups from the Plasma and Atomic Physics
divisions of GSI. The workshop/seminar had 30 sessions
during 2006, distributed among the subjects
Relativistic plasma physics and fluid dynamics, theory
of electron and ion acceleration by superintense laser
pulses, vacuum quantum electrodynamics, relativis-
tic wave propagation, atomic spectroscopy, Thomson
scattering, search for key experiments with the PHE-
LIX laser facility.
The community of actively involved German and Euro-
pean institutions has been enlarged by collaborations with
the Universities of Du¨sseldorf (O. Willi, collisionless ab-
sorption), Bochum (H. Ruhl, code development, collision-
less absorption), RWTH Aachen (H.-J. Kull, relativistic
wave propagation, clusters), Istituto di Fisica del Plasma
Piero Caldirola, Milano (M. Lontano, relativistic plasma
physics), and Universita` Bicocca, Milano (D. Batani, fast
electron transport and fast ignition). The total number
of actively involved institutions and researchers at present
amounts to 11 and 22, respectively.
Detailed progress in fundamental high-power laser-
matter interaction, applied heavy ion and laser beam-matter
physics and code development is reported in the ILIAS
Progress Report No. 2 [1]. Complementary to traditional
high-field reseach with heavy ions at GSI, intense laser
field QED opens prospectives for advanced future exper-
iments with PHELIX (see Di Piazza et al., QED, nuclear
and high-energy processes in extremely strong laser pulses,
in [1]). Further contributions in basic research are a NO-
GO theorem, a systematic investigation of relativistic wave
propagation by a novel approach (Pesch, Kull), and stud-
ies on melting processes induced by lasers at different time
scales [3] (Rethfeld, Anisimov in [1]; non-thermal melt-
ing). The NO-GO theorem (Mulser, Ruhl [1]) states that
collisionless absorption cannot occur in regular fluid dy-
namics, regardless of what degree of nonlinearity the in-
duced motion is. Detailed inspection [2] reveals that an-
harmonic resonance is the leading absorption mechanism
in the absence of collisions. Relativistic electromagnetic
wave propagation is formulated in terms of three coupled
harmonic oscillator equations for the Lagrangian space co-
ordinates and solved by analytical and numerical methods.
In the field of applications, studies have been undertaken:
extensively on radiation transport and hohlraum heating of
matter (Schlegel, Baldina), on electron and ion accelera-
tion by laser (Kowarsch, Scheid et al. [1], Blaschke et al.
[1], Brambrink et al. [5, 6]), stability of foam targets (Gib-
bon, Olga Rosmej, Chichkov [1]), multi-electron spectra
(Tomaselli, Ku¨hl, Ursescu[1, 7]), isochoric heating with
ion beams (Maruhn, Anna Tauschwitz [1], [8]), and other
subjects [1, 9].
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Vacuum heating vs skin layer absorption of intense fs laser pulses
D. Bauer, Max-Planck-Institut fu¨r Kernphysik, Heidelberg, P. Mulser, TU Darmstadt
Crossing of the narrow skin layer in solid targets by elec-
trons in a time shorter than a laser cycle represents one of
the numerous collisionless absorption mechanisms of in-
tense laser-matter interaction [1, 2, 3]. This kinetic effect
is studied by a test particle approach in an energy interval
extending into the relativistic domain. Three main results
obtained are the strong dependence of the energy gain by
the single particle on the instant of injection relative to the
phase of the light wave, the reflection of the particles pri-
marily contributing to absorption well in front of the target,
and absorption hardly exceeding the 10% limit. The simu-
lation results shed new light on “vacuum heating”.
Looking through the enormous amount of theoretical pa-
pers that have appeared on ultrashort intense light pulse in-
teraction with dense matter three aspects emerge,
I. a quantitative analysis of the interaction (absorption,
fast electron spectra) is not accessible to an analytical
treatment but has to rely on 3-dimensional (3D) com-
puter simulations.
II. over ten different collisionless absorption mechanisms
have been proposed, none of them exceeds 5–10%.
III. the physical principle of collisionless absorption and
ordering of the mechanisms under II according to their
strength is missing.
The present effort tries to contribute to point III. The main
aim will be to investigate which groups of particles will
most contribute to absorption in which region of space,
skin layer or vacuum, and to study the dynamics of elec-
tron reflection and turning point positions as a function of
the relative phase of the injection instant to the laser wave.
For such a purpose a test particle model is suited best.
An intensity of I = 3.51 × 1018 Wcm−2 at λ = 800 nm
(Ti:Sapphire laser) is assumed to be incident normally and
under 45 degrees from −∞ onto a plasma with density
varying from 10nc to 250nc, nc critical density. Single rel-
ativistic particle dynamics is illustrated by the phase space
plot of Figure 1(a). Spreading of the momenta pl at the
vacuum-target interface at x = 0 (LHS) is a consequence
of particle injection of initial momentum px0 at different
phases of the laser wave at position x0 on the RHS. The
majority of particles coming back are reflected in the vac-
uum and have acquired almost their final energies pxf al-
ready at the electron-vacuum interface. The asymptotic
conservation of canonical momentum py is illustrated in
Fig. 1(b). In contrast to standard linearized treatments nei-
ther the slow nor the energetic particles are reflected at the
plasma-vacuum boundary, a fact mentioned once already in
the past [3]. The majority of electrons undergo reflection in
the vacuum in front of the target and absorb there also the
major part of their final energy.
(a)
(b)
Figure 1: Particle dynamics in detail. Phase space plots
px/mc (a) and py/mc (b) vs kx of 100 test particles
injected with initial momentum px0/(mc) = −0.3 at
x0 = 20 λs, λs skin length, at times ωt0 = πν/100,
ν = 0, 1, . . . , 99 (for better visibility only phases be-
tween 0 and π are shown). Laser parameters are I =
3.51 × 1018 Wcm−2, λ = 2π/k = 800 nm, and plasma
density is n0 = 50nc. Reflection occurs during one half
laser period predominantly in front of the target surface.
The analysis undertaken in the present paper sheds new
light on the ominous term of vacuum heating. In some re-
spect this kind of heating resembles essential aspects of
the Brunel effect [4]. However, in the light of the model
presented here it differs from the Brunel effect in essen-
tial aspects: (i) ponderomotive confinement of the regular
electron cloud in front of the target rather than confinement
by space charges; (ii) acceleration of slow as well as fast
electrons occurring during a half laser period rather than
extending over a whole laser period. Vacuum heating dif-
fers from absorption due to resonances of the plasma lay-
ers, and concomitant wave breaking, shown elsewhere (see
NO-GO theorem, this report).
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Collisionless High-Power Laser Beam Absorption: A NO-GO Theorem
P. Mulser, Tech. Universita¨t Darmstadt, Hartmut Ruhl, Ruhr-Universita¨t Bochum
Two decades after the invention of cirped pulse amplifi-
cation the mechanism of collisionless absorption of ultra-
short intense laser radiation in solid surfaces is still open to
discussion. A NO-GO theorem is formulated which shows
that fluid dynamics, whatsoever its degree of nonlinearity
and complexity may be, does not lead to absorption in the
absence of collisions. Rather is cold wavebreaking a neces-
sary, but not sufficient, condition for irreversibility to occur.
Absorption is postulated to occur due to internal plasma
resonances.
When a solid target is heated up beyond an electron tem-
perature Te ≈ 103Z2 eV, Z ion charge, by an intense ul-
trashort laser pulse, absorption by electron-ion collisions
is no longer effective. Experiments show that good ab-
sorption, up to 70% and beyond, still occurs in this col-
lisionless regime. Efficient collisionless absorption of the
same order of magnitude is well confirmed by particle-in-
cell (PIC) [1] and Vlasov simulations also [2]. Nonethe-
less, after two decades of studies no single physical effect
can be addressed in a convincing way by which collision-
less absorption of 50 % or higher by the free electrons in
the surface plasma of the solid is accomplished [3]. In other
words, collisionless absorption is well confirmed by exper-
iments and simulations but not understood. All kinds of
absorption, collisional, resonant, mode conversion, excita-
tion, ionization, etc. are described by the cycle averaged
jE term in Poynting’s theorem, j total current density, E
electric field. Under the influence of a harmonic laser field
Ed cosωt, a free plasma electron oscillates at sinωt and
harmonics of ω, and so does j. In order to yield net ab-
sorption, j must contain cos νωt components (ν integer),
or equivalently, a phase shift must exist between j and E
differing from π/2.
A plane fully ionized overdense target is assumed to
fill the half space x ≥ 0. A plane wave E(x, t) =
E0 exp(ikx − ωt) in p or s-polarization in y-direction,
wave vector k and frequency ω, is incident from−∞ under
angle α onto its surface. After applying a Lorentz boost in
y-direction of magnitude v0 = csinα the wave impinges
normally onto the target and it follows under all conditions
jxEx =
ε0
2
1
τ
∫
τ
∂
∂t
E2x dt = 0. (1)
To make a statement on jyEy we observe that the dynam-
ics of a fluid element is completely determined by its La-
grangian position ξ(a, t) = x(t)− a, with a = x(t = 0).
As long as the dynamics induced by the laser is regular
all physical quantities are unique functions of the displace-
ment ξ(a, t) = x−a in x-direction, a = aex. In its leading
terms the equation of motion is given by
d
dt
(γem
dξ
dt
) + Ω2(ξ)ξ = e
γ0
γe
v0
∂
∂a
Ay
= D(ξ, t), Ω2 = − e
2
|ξ|
∂Φ
∂a
.
D(ξ, t) is the driver of the anharmonic oscillator, Ay the
vector potential of the laser wave and Φ the collective
plasma potential. Its solution represents a rapidly oscillat-
ing motion in ξ(a, t) which can be evaluated by the method
of stationary phase. The result is that in the absence of in-
ternal plasma resonances ξ vanishes for t → ∞. When
resonances are present finite displacements survive and, as
a consequence, crossing of fluid elements occurs (”cold
wavebreaking”). Equivalently, the Jacobian of the mapping
(a, t0) → (x, t) becomes singular and the dynamics is no
longer regular. This is the content of a remarkable NO-GO
(i.e. exclusion) theorem: Whatever the degree of nonlin-
earity and complexity of high power laser interaction is, (I)
no collisionless absorption is possible under steady state
conditions in the basic geometry, considered here, in the
absence of resonances, or equivalently, (II) wave breaking
is a necessary consequence of collisonless absorption in an
ideal fluid; it is induced by anharmonic resonance in over-
dense targets which is the underlying origin of collisionless
absorption.
The situation with collisionless absorption by an ideal
fluid is analogous to dissipation by a shock wave. The lat-
ter can be described by reversible equations which under
regular flow allow adiabatic transitions only. To make ac-
count of dissipation, i.e., irreversible changes of state with
corresponding increase of entropy, a discontinuity ( infinite
derivatives) must be introduced.
The NO-GO theorem can be viewed as the macroscopic
extension of the well-known assertion that a single point
charge cannot absorb a photon unless it resonates in an
outer potential.
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Fast ignition scheme: Limiting Alfve´n current in the dense plasma region
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Dipartimento di Fisica G. Occhialini, Universita` Milano Bicocca, Italy
The knowledge of the maximum current (Alfve´n limit)
in a plasma is of fundamental importance in the context
of fast ignition of fusion pellets by lasers. A relativis-
tic electron beam embedded in a dense plasma with non-
relativistic return current is calculated. with the help of the
hybrid code Petra which treats the fast electrons as a rela-
tivistic PIC and the cold background plasma as a classical
non-relativistic fluid.
According to numerical studies in the past, for fast ther-
monuclear ignition of a precompressed pellet by laser in
the optical wavelenght range the intensity (energy flux den-
sity) I = 1020W/cm2 represents an inferior limit [1]. For
the deposition region of the laser beam around the criti-
cal density this implies that both currents, the direct fast
electron stream as well as the charge neutralizing return
current are relativistic. As soon as the direct beam of fast
electrons penetrates into the pellet interior the return cur-
rent can be treated as a non-relativistic classical fluid of
very moderate temperature. Owing to the complexity of
the problem in a first step it is legitimate to suppress the
fast evolution in time (neglect of the displacement current,
viceversa two-stream instability) and to limit all calcula-
tions to this region. The dynamics is driven by a parallel
beam of relativistic electrons of Gaussian radius and length
of 5μm and 100μm, respectively, and Gaussian energy dis-
tribution. With jf the current density and η the inverse of
the conductivity of the cold background electrons the gov-
erning equations are
∂B
∂t
+ μ0∇× (η∇×B) = ∇× (ηjf ), (1)
E = η(∇× B
μ0
− jf ), (2)
dp
dt
= −e(E+ v ×B). (3)
Eq. (3) is restricted to the relativistic electrons in the
particle-in-cell (PIC) code. In the vacuum or low density
plasma a beam stops propagating when its own magnetic
field B turns the electrons around. Hence, the limiting
Alfve´n current IA is given by
IA =
4π
μ0e
p. (4)
For a beam of 1 MeV electrons IA = 33 kA, for 5 MeV
IA = 166 kA [2,3]. In the dense plasma the Alfve´n limit is
determined by the degree of total current neutralization and
must be calculated numerically. To this end various numer-
ical runs have been performed in an Al target of thickness
d = 100μm under the assumption of cylindrical symmetry.
In Fig. 1 we show the total current I [A] (a) and the mag-
netic field Bθ [Tesla] (b) in space after 1 ps, and the tem-
poral evolution of, from top to to bottom, the total energy
injected minus lateral losses, the energy deposited in the
target by Joule heating of the return current, the loss of the
hot electrons across a coaxial test cylinder of 20 micron ra-
dius, the energy of the escaping electrons after crossing the
target, the energy deposited by collisions of the fast elec-
trons, and the losses by reflection from the entrance sur-
face. Total current neutralization in the hot beam region is
better than 10−3. The calculations show that despite local
violation of the Alfve´n limit (4) in the lateral filaments (in
red) the hot beam as a whole survives to a high degree.
In a second stage also the role of the displacement cur-
rent, or equivalently, of all variants of two-stream instabili-
ties, must be thoroughly investigated. A general conclusion
which emerges already in this stage of investigations is that
the Alfve´n limit is less severe than criterion Eq. (4).
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y 
  (
J)
Figure 1: Total current I (a), magnetic field Bθ (b) as a
function of radius R[μm] and axial length z[μm] after 1 ps,
and evolution of energy deposition and energy losses in-
duced by a parallel beam of electrons of 1.01 MeV mean
particle energy and 5 micron radius during the time of 2 ps
(c). Number of hot electrons is 9.9 × 1014, total beam en-
ergy is 160 J. Locally the total current I exceeds the Alfve´n
limit Eq. (1). For additional data see text.
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Homogeneous plasma heating by laser-generated hohlraum radiation
T. Schlegel, GSI Darmstadt, E. Baldina, Joint Institute for Nuclear Research, Dubna
Radiative heating with x-rays is of large interest for dense
hot matter studies. It allows to measure x-ray opacities,
which are important for astrophysics, to obtain equation of
state data by generating extremely uniform high-pressure
shock waves or to investigate heavy ion stopping in ionized
matter. To attain high spatial homogeneity of the gener-
ated plasmas in time intervals sufficiently long for obser-
vation and/or interaction, thermal x-radiation from laser-
heated hohlraum targets serves as a well-suited driver.
The new program complex MULTIVF was developed to
design adequate hohlraum experiments driven by the PHE-
LIX laser. It couples the 1D hydrodynamic code MULTI
[1] with a view factor code VF for radiation transport in
the hohlraum [2]. We consider cavities with 2D or 3D (ax-
ially symmetric) geometry which consist of layers of opti-
cally thick material enclosing an optically thin or vacuum
volume. The walls of the cavity are divided into 1D sectors
modeled independently using MULTI and coupled together
via view factor calculation of the whole ”vacuum” cavity.
Energy deposition of fast heavy ions in hot plasmas is of
special interest in inertial fusion research. The ions must
be stopped in converter targets to produce a strong burst
of x-rays for further fusion target heating and compres-
sion. Stopping in cold matter was carefully investigated
over many decades experimentally as well as theoretically.
However, ion stopping in plasmas is not really understood
yet and only a few experimental results exist. The diffi-
culty of such measurements is caused partly by the long
pulse length of the ion bunches. Heavy ion pulses, passing
the linear accelerator stage at GSI Darmstadt, gain energies
in the range (5-10)eV per nucleon and have minimum du-
rations of (3-4)ns. Therefore, a hot plasma target for ion
stopping measurements must be kept in a nearly uniform
state over times of several nanoseconds.
For our first analysis we have chosen a geometry which
was already applied in opacity experiments performed at
MPQ Garching [3]. A gold cavity with 3mm diameter will
be irradiated now by a (150 or 300)J, Nd-glass laser pulse
(wavelength λ = 1μm.) The pulse length was varied be-
tween 500ps and 3ns (FWHM) in the simulations assum-
ing a sin2-envelope. Carbon samples with different thick-
nesses (0.5 − 3μm; see [4]), placed at one or both diag-
nostic holes with 1mm diameter each, will be heated by
the hohlraum radiation and afterwards crossed by a focused
heavy ion beam with a width of several hundred microns.
Fig. 1 shows the radiation temperatures in dependence
on time, which drive a radiative heat wave in 2μm thick
carbon foils. With less deposited energy, these tempera-
tures become smaller, however, the likewise reduced flow
of wall plasma ablated mostly in the laser focal spot area
will enable time intervals up to 5ns for undisturbed stop-
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Figure 1: Radiation temperatures on the surface of carbon
foils for two different laser pulses heating the cavity.
ping measurements. Snapshots of plasma parameters in the
carbon foils are plotted in Fig.2. The spatial uniformity of
these distributions could be improved when changing to the
lower laser energy, especially in case of temperature and
consequently ion charge. The temporal changes became
also smaller.
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Figure 2: Plasma parameters in dependence on areal mass.
Thick lines were obtained for 150J laser illumination.
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Collective Relativistic Phenomena with Femtosecond Laser Pulses 
A. A. Baldin 
 Joint Institute for Nuclear Research, Dubna, Russia
Relativistically invariant self-similarity approach is 
applied for description of collective particle produc-
tion by femtosecond laser pulses.
Recent outstanding advances in laser technique, 
namely, generation of ultrashort laser pulses ensuring 
intensities on the target of an order of 1020 W/cm2 opened 
a wide class of new phenomena of production of intense 
and "highly-coherent" beams of radiations, including pho-
tons and charged particles (e.g., [1]). 
Theoretically, the regime of "coherent" particle genera-
tion was first predicted in [2] and then confirmed numeri-
cally [3]. It is sometimes referred to as "bubble regime". 
Generation of positron beams by femtosecond laser pulses 
has also been reported [4]. 
A comprehensive description of particular experimental 
results is complicated. This motivates a desire of applica-
tion of the self-similarity approach in order to reduce the 
number of variables considered [7]. 
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Figure 1. Isosurfaces of e- production cross sections. 
A general self-similar solution constructed in [5, 6] de-
scribes quantitatively collective processes of particle pro-
duction in relativistic collisions. 
We extend this approach to construction of the self-
similar solution describing collective interaction of a 
group of coherent photons with electrons similar to [5-7]. 
The 4-momentum conservation is written in the form: 
4322 ' PPxPxPE  J ,  (1) 
where EJ is the energy of the "collective photon" (group 
of coherent photons), and the subscripts "2", "3", "4" de-
note the initial accelerated electron and the final electron 
and positron, respectively.  
The cross sections of e-/e+ production have the form 
 21 exp CxCeinv  

V ;   (3) 21inv exp CCe 3 

V
 where C1, C2 are constants, 2122 25.0 JXXXX  122121
Figure 1 shows electron production cross sections in 
the angle-momentum plane for initial E
3 .
J of 5 MeV and 
100 MeV. 
Cross sections have clear maximums "narrowing" with 
increasing EJ. Thus, for EJ=200 MeV, about 95 % of pro-
duced e- flow unidirectionally, within a angle of 1 q. The 
average momentum of produced electron beam shifts 
from about 2.5 to 175 MeV with increasing EJ.
Figure 2 shows (a) the invariant cross section of e+ 
production as a function of e+ momentum in the lab. 
frame for several e- kinetic energies Ekin and (b) the e+/e- 
cross section ratios for Ekin=10 MeV at two lab. angles. 
The maximum of the cross section is seen to increase and 
shift towards higher e+ momenta with increasing Ekin. The 
angular dependence at small angles is negligible. 
These spectra are in qualitative agreement with experi-
ment [4].  
The analysis of e+ production by femtosecond laser 
pulses shows a possibility of a dedicated study of genera-
tion of intense e+ beams for practical applications (e.g., in 
biology, medicine). 
For optimization of particle production regimes, it is 
proposed to carry out experiments with simultaneous reg-
istration of e- and e+ (for every laser pulse) by two simi-
lar measurement systems for positively and negatively 
charged particles. Reversing poles of this magnetic spec-
trometer would ensure minimization of systematic errors. 
Measured e+/e- ratios as functions of momenta will serve 
as important parameters for theoretical description and 
practical application of such beams. Another important 
parameter to be studied is optimal (minimal) laser power, 
since particle generation has a threshold character. This 
requires additional study, as regards optimal target design, 
pre-pulse preparation, phase dependence, and so on. 
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Relativistic increase of critical electron density
M. Lontano, Istituto di Fisica del Plasma Piero Caldirola, Milano, P. Mulser, Tech. Univ. Darmstadt,
T. Schlegel, GSI Darmstadt
Original quasineutrality of a plasma at rest is heavily per-
turbed when the electrons are induced to oscillate relativis-
tically by a superintense laser beam. This represents one of
the major difficulties when studying the propagation of in-
tense linearly polarized electromagnetic waves in plasmas.
Particular attention has to be dedicated to the effective rel-
ativistic increase of the critical density and the density of
maximum laser energy deposition for applications, e.g. fast
ignition studies.
When the electron particle density at rest n0 is set into
motion of relativistic velocity ve in the lab frame it trans-
forms into ne = γen0, γe Lorentz factor [1]. The relativis-
tic transformation of the particle density is a consequence
of the well-known Lorentz contraction. In connection with
magnetic fields, in order to avoid contradictions, its influ-
ence in Poisson’s equation must be taken into account at ar-
bitrary low speeds, when transforming from one reference
system into another. Simple example: The magnetic field
of a parallel monoenergetic electron beam vanishes in the
co-moving reference system and the former Lorentz force
on an electron appears now as an additional equivalent elec-
trostatic repulsion resulting from Poisson’s law. Owing to
their inertia the ions can generally be considered immobile
with density n0 (charge is taken as Z = 1 for simplicity).
As a result a strong longitudinal electric field is induced in
presence of any electron motion which tries to restore the
original quasineutrality. For this reason transforming elec-
tron densities just formally may produce erroneous results.
Relativistic self-focussing has been observed experimen-
tally. For circular polarization it has been shown that the
refractive index of a fully ionized plasma is given by [2],
η =
[
1− ne
nc (1 + a2]
1/2
]1/2
, a =
eA
mec
, (1)
A vector potential, nc critical density. Hence, when com-
pared to the non-relativistic case in presence of the circu-
larly polarized wave A, the relativistic critical density ncr
results as
ncr = nc
(
1 + a2
)1/2
, γc =
(
1 + a2
)1/2
. (2)
γc is the Lorentz factor. In analogy to this expression it has
been concluced by some authors that for a linearly polar-
ized wave a2 should be replaced merely by the term a2/2,
since this latter appears in the corresponding Lorentz factor
γc for the oscillation energy [3]. However, such a simple
replacement is incorrect, see [4] for relevant cases. The
physical reason (not given there) is the tendency to restore
quasineutrality. This may be outlined further.
In a homogeneous cold plasma the propagation of a cir-
cularly or linearly polarized monochromatic electromag-
netic wave in the Lorentz gauge is governed by the wave
equation for the four-quantities A = (A,Φ/c), J =
(j,−enec), j = −eneve,
(
2 − 1
c2
∂2
∂t2
)
A = − J
0c2
(3)
Φ is the scalar potential, j the three-vector current density.
From the conservation of the canonical momentum ve and
A are related to each other by
meγeve = eA + meγ0v0, γ0 = γ(v0). (4)
v0 is a constant flow velocity of the plasma. Hence, the
three-current density becomes
j = − e
2ne
γeme
A− γ0
γe
enev0 + γ0en0v0. (5)
Formally ne = γen0, and (3) reduces, with a monchro-
matic wave of frequency ω, to the invariant steady state
wave equation
2A + ω
2
c2
(
1− n0
nc
)
A = 0. (6)
From this equation any relativistic effect is canceled ow-
ing to ignoring quasineutrality and thus, relativistic self-
focussing is absent, in contradiction to [2] and [4].
A monochromatic wave is switched on adiabatically and
there is much time to react and to keep the electron density
ne constant in case of circular polarization. In linear po-
larization the time scale for restoring is much shorter and
quasineutrality is therefore only partially obeyed. For this
reason, i.e. the dynamic coupling of transverse and longitu-
dinal modes, the relativistic change of the refractive index
η needs further investigation. This is in particular true for
the critical density where plasma resonances represent an
additional complication and may be responsible for some
effects observed in the experiment not yet understood [5].
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Ion-induced damage in apatite irradiated at ambient & high pressure conditions  
J. Liu1,#, U.A. Glasmacher2, M. Lang3, C. Trautmann3, K.-O. Voss3, R. Neumann3, G.A. Wagner4, 
R. Miletich5 
1IMP, CAS, Lanzhou, China; 2Geologisch-Paläontologisches Institut, Universität Heidelberg, Germany; 3GSI, Darm-
stadt, Germany; 4 MPI Kernphysik, Heidelberg, Germany; 5Mineralogisches Institut, Universität Heidelberg, Germany
In geological minerals, tracks of fragments from spon-
taneous fission of U nuclei accumulate over geological 
time scales and are widely used for fission-track dating 
and thermochronology [1, 2]. In our recent studies, we 
tackled the problem how solids exposed to energetic 
heavy ions cope with the simultaneous exposure of exter-
nal pressure. This combination of ion irradiation and pres-
sure is suitable for simulating the conditions fission frag-
ments experience in the interior of the Earth [3]. 
A single crystal of Durango apatite was pressurized to 
10.5 GPa between two ~1.4-mm thick diamonds of a 
diamond anvil cell (DAC) and irradiated at the SIS with 
5×1011 cm-2 Kr ions of initial energy 106 MeV/u corre-
sponding to 25 MeV/u at the sample site. For comparison, 
we also exposed non-pressurized apatite samples to U 
ions of 11.1 MeV/u at the UNILAC. 
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Fig. 1 Raman spectra of apatite before and after the irra-
diation with 2.64-GeV U ions (dE/dx = 34 keV/nm) at 
various fluences. The inset (top left) shows the splitting of 
γ1 mode at fluence 1×1012 ions/cm2.  
Fig. 1 shows Raman spectra (HeNe laser, 632.8 nm) be-
fore and after the UNILAC irradiation with U ions at am-
bient conditions. The spectrum of non-irradiated apatite 
exhibits the intense and narrow γ1(Ag) band (964 cm-1, 
symmetric stretching vibration of phosphate anions) and 
several smaller bands: γ2 (430 and 453 cm-1, symmetric 
out-of-plane bending), γ3 (1052 and 1081 cm-1, antisym-
metric stretching), and γ4 (591 and 608 cm-1, antisymmet-
ric bending). With increasing fluence, the relative intensi-
ties of γ2, γ3, and γ4 with respect to γ1 grow. Above 1×1012 
ions/cm2, the changes of position and width of the differ-
ent bands indicate the onset of amorphization. With in-
creasing fluence, the intensity of the 964-cm-1 band de-
creases, and a peak appears at 949 cm-1 (inset Fig. 1). This 
new band is attributed to a highly disordered structure 
implying distortion of the PO43- tetrahedra and gradual 
disappearance of the original hexagonal crystal symmetry. 
In the case of the high-pressure irradiation, Raman 
spectra were recorded for the irradiated apatite still 
mounted in the DAC (Fig. 2). With decreasing pressure, 
all bands shift systematically to smaller wavenumbers and 
some develop even a splitting. For apatite irradiated under 
pressure, the Grüneisen parameter, calculated from the 
slope of the pressure dependence of the Raman modes, is 
significantly smaller than values found in literature. 
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Fig. 2 Raman spectra of irradiated pressurized apatite 
recorded through one of the diamond anvils during pres-
sure release (irradiation: 25 MeV/u Kr ions, 5×1011 cm-2. 
After releasing the pressure, the vibrational behavior re-
flected in the Raman spectra indicates that at the given 
fluence, apatite does not exhibit any stable phase transi-
tion when irradiated with Kr ions (dE/dx = 6 keV/nm) at 
10.5 GPa. It also shows that ion irradiation causes less 
severe damage in the sample under elevated pressure than 
in reference samples at ambient conditions. It seems that 
the pressure stabilizes the crystal lattice and thus protects 
it against damage from heavy-ion irradiation. 
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X-Ray Diffraction Study of Ion-Irradiated CeO2 
N. Ishikawa1, Y. Chimi1, O. Michikami2, Y. Ohta2, M. Lang3, R. Neumann3 
1JAEA, Tokai, Ibaraki 319-1195, Japan; 2Iwate Univ., Morioka, Iwate 020-0066, Japan, 3GSI, Darmstadt, Germany
Introduction 
Nuclear fuels in light water reactors (LWR) are sub-
jected to various high-energy particles such as neutrons 
and fission products (Xe, Kr, etc.). It is known that high-
energy fission products create serious damage in the UO2 
crystal structure, leading to swelling and degradation of 
thermal properties. Cerium dioxide, CeO2, is one of the 
ceramics which have the same structure (fluorite struc-
ture) as UO2 and also a similar melting temperature. In 
order to investigate the damage process of UO2 fuel ce-
ramics, the simulation material CeO2 is irradiated with 
high-energy projectiles, such as 2.7-GeV U, 200-MeV Au, 
and 230-MeV Xe.  
Experimentals 
Thin films of CeO2 were prepared on sapphire sub-
strates by dc sputtering. The film thickness was about 300 
nm. The films were irradiated at room temperature with 
2.7-GeV U from the UNILAC accelerator at GSI and with 
200-MeV Au and 230-MeV Xe from the tandem accelera-
tor at Tokai Research and Development Centre, Japan 
Atomic Energy Agency (JAEA-Tokai). In order to inves-
tigate the degradation of the crystal structure, X-ray dif-
fraction (XRD) patterns were measured before and after 
the irradiation. The XRD peaks corresponding to (002) 
and (004) reflections are observed before irradiation. In 
this study irradiation-induced change of the (002) peak 
intensity is investigated. The electronic stopping power is 
calculated by the SRIM-2003 code. 
Results and Discussion 
By 2.7-GeV U irradiation the intensity of the (002) 
XRD peak monotonically decreases as a function of ion 
fluence. It is known that in most ceramic materials a high-
energy heavy ion creates a track along its path. The ion-
track has typically a diameter of several nanometers. The 
crystal structure inside the track can be amorphous or has 
a disordered lattice depending on ion mass, ion energy, 
and target material. It is expected that, if the interior of 
the track is sufficiently damaged, the track does not con-
tribute to X-ray diffraction, and the XRD intensity de-
creases exponentially as a function of fluence. By using a 
simple Poisson rule the decrease in the XRD intensity can 
be written as  
     (1) 
where I(Φ) is the intensity of the XRD peak, Io is the in-
tensity before irradiation, A is the cross-section of a single 
track, and Φ is the ion fluence. As shown in Fig. 1, equa-
tion (1) holds only for 2.7-GeV U irradiation. From the 
above formula, a track diameter of 15 nm can be derived 
for 2.7-GeV U irradiation. For 200-MeV Au and 230-
MeV Xe irradiations, however, equation (1) is not valid, 
and the decrease in XRD intensity tends to saturate in the 
high-fluence region. It is already known that for 210-MeV 
Xe irradiation [1], ion tracks are formed, but the crystal 
lattice inside the track is maintained. Based on this find-
ing, the XRD peak behaviour for 200-MeV Au and 230-
MeV Xe irradiations can be explained as follows. Even if 
ion tracks cover the whole sample, they do not completely 
destroy the crystal structure, and the lattice order is main-
tained. This leads to saturation of the intensity decrease. 
The degree of damage in the high-fluence region is higher 
for 200-MeV Au than for 230-MeV Xe. The electronic 
stopping powers for 2.7-GeV U, 200-MeV Au, and 230-
MeV Xe irradiations are 57.3 keV/nm, 32.0 keV/nm, and 
28.6 keV/nm, respectively. The degree of damage in-
creases with increasing electronic stopping power as 
demonstrated in Fig 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Logarithm of normalized XRD intensity as a 
function of fluence for the irradiations with 230-MeV Xe, 
200-MeV Au, and 2.7-GeV U. 
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Color center creation in LiF crystals irradiated with 5-MeV Au ions 
K. Schwartz1,#, A. Volkov2, R.M. Papaléo3, M. Sorokin2, A. Lushchik4, E. Vasil´chenko4, 
K.-O. Voss1, C. Trautmann1, R. Neumann1 
1GSI Darmstadt, Germany, 2Kurchatov Institute, Moscow, Russia, 3Catholic University of Rio Grande do Sul, Porto 
Alegre, Brazil, 4Institute of Physics, University of Tartu, Estonia
Single crystals of LiF were irradiated with 5-MeV Au2+ 
ions at the Porto Alegre 3 MV Tandetron implanter apply-
ing fluences Φ between 1012 and 1014 ions/cm2. The beam 
current (i) was varied from 1 to 200 (± 0.1) nA equivalent 
to ion flux φ [ions/cm2s] = 3.1×109·i [nA]. The range R of 
the ions is ~1 µm, which is much smaller than the thick-
ness of the crystals.  
The creation of color centers was investigated by opti-
cal absorption spectroscopy, with special focus on beam 
current (i.e., ion flux) and fluence effects. 
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Fig. 1: Absorption spectra of LiF irradiated with 5-MeV 
Au ions at different fluences and beam currents. 
For low fluence irradiations (up to 5×1012 ions/cm2), 
the spectra are almost (± 10 %) independent of the beam 
current (Fig. 1a), whereas at higher fluences (1014 
ions/cm2) defect creation significantly rises with increas-
ing i (Fig. 1b). Moreover, spectra from high-fluence and 
high-current irradiations are more structured, indicating 
the creation of more complex defect aggregates. The con-
centration of single F centers was determined by the 
Smakula-Dexter formula from the absorption maximum 
of the F band at 5.0 eV [1]. The absorption in the range 
4.5–1.6 eV is a superposition of various color and aggre-
gate centers (Fn, small colloids), which depend both on 
fluence and beam current (Fig. 1). 
At high fluences, defect creation shows a strong de-
pendence on beam current as illustrated for F centers in 
Fig. 2. The pronounced nonlinearity is related to track 
overlapping and irradiation time. At Ф = 5×1012 ions/cm2, 
the mean distance between neighboring tracks is 
dion = (πΦ)-1/2 ~ 2.5 nm, which is larger than the estimated 
radius of the F-center halo rF ~ 1 nm, whereas at Φ = 1014 
ions/cm2, the value of dion is ~ 0.6 nm and thus smaller 
than rF. Under these conditions neighboring tacks overlap, 
resulting in enhanced aggregate formation. An additional 
factor on defect creation is the irradiation time τ, which 
depends on the beam current: at i = 1 nA the accumulation 
of 1014 ions/cm2 requires about 9 hours, whereas at i = 
200 nA only 3 min are needed. Since recombination (an-
nihilation) of electron and hole centers is smaller for 
shorter irradiation times, the efficiency of F and aggregate 
center creation increases [2].  
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Fig. 2: Optical density of the maximum (5.0 eV) of the F 
center absorption band versus beam current at fluence 
5×1013 ions/cm2.  
The high volume concentration of color centers results 
from the small range of the 5-MeV Au ions. For 1014 
ions/cm2, the volume concentration of the F-centers is 
NF ~ 8×1019 cm-3, which is much higher than typically 
observed for irradiations with 1-2 GeV ions [1]. Defect 
agglomeration in LiF irradiated with 5-MeV Au ions is 
more efficient [1,2]. This is also indicated by the stronger 
absorption in the range 5.8–6.3 eV. 
It is also well-known that the kinetics of defect cluster 
formation depends crucially on the generation rate of de-
fects [2,3], contributing to the dependence of the defect 
concentration on beam current. 
References 
[1] K. Schwartz, C. Trautmann, A.S. El-Said, R. Neu-
mann, M. Toulemonde, W. Knolle, Phys. Rev. B 70 
(2004) 184104. 
[2] N. Itoh, A.M. Stoneham, Materials Modification by 
Electronic Excitation, Cambridge, Univ. Press, 2001. 
[3] A.E. Volkov, Physica A 323 (2003) 336. 
___________________________________________  
#k.schwartz@gsi.de 
MATERIALS-03
311
Monte-Carlo simulation of electronic excitations in tracks of swift heavy ions in 
dielectrics* 
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Excitation and relaxation of the electronic subsystem of 
solids in nanosize tracks of swift heavy ions (SHI, Е > 1 
MeV/nucl, M ≥ 20mp) are well separated by the following 
temporal stages: (a) at 10-17-10-16 s, primary ionization of 
target atoms occurs in the vicinity of the projectile trajec-
tory resulting in the first generation of fast delta-electrons. 
(b) Spatial spreading of these electrons and ionization of 
the next generation of δ-electrons take place in the time 
period of ~ 10-16-10-14 sec. (c) Recombination of elec-
tronic vacancies and energy redistribution via radiation 
occurs on the time scale ≥ 10-14 sec [1,2]. Electrons also 
interact with ionic subsystem of target at all these stages.  
The Classical Trajectory Monte-Carlo Simulation 
method was applied to investigate the initial two stages in 
silica (SiO2) irradiated with Ca+19 (11.4 MeV/nucl). 
This research is aimed at the determination of spatial 
and temporal density and energy distributions of delocal-
ized electrons as well as of the amount of electronic va-
cancies in different atomic shells. The work is related to 
the ongoing research on ion-induced tracks in crystalline 
solids at GSI. 
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Fig. 1. Distribution of the electron density in a SHI track. 
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Fig. 2. Distribution of the energy density of delocalized 
electrons in a SHI track. 
 
Large differences between semi-empirical calculations 
for δ-electron distributions [3] and the presented results 
were obtained. In Figs. 1 and 2 the kinetics of spreading 
of the excitation in the electron subsystem is presented. 
Fig. 3 presents the distribution of vacancy density in 
different atomic shells at the time t = 10-15 sec after the 
ion passage. 
 
0 ,1 1 1 0 1 0 0
1 0 -9
1 0 -6
1 0 -3
1 0 0
N
va
c, 
[1
/a
to
m
]
R ,  [n m ]
 K -s h e l l  o f  S i
 L -s h e l l  o f  S i
 M -s h e l l  o f  S i
 K -s h e l l o f  O
 L -s h e l l  o f  O
t= 1 0 -1 5  s
 
Fig. 3. Distribution of the density of vacancies in different 
atomic shells at 10-15 sec. 
 
At this time (t = 10-15 sec) 28.4% of the energy trans-
ferred from the projectile is trapped in the electronic va-
cancies. 
Spatial distributions of the kinetic energy density of δ-
electrons and energy density of vacancies are presented in 
Fig. 4. 
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Fig. 4. Distribution of the energy densities of free elec-
trons and vacancies in a SHI track at 10-15 sec. 
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Influence of ion-charge state on damage morphology of ion tracks in dark mica 
M. Lang1,#, W. Hasenkamp2, N. Ishikawa3, N. Medvedev4, R. Neumann1, R. Papaléo2, 
C. Trautmann1, K.-O. Voss1, T. Yamaki5 
1GSI, Darmstadt, Germany, 2Pontifícia Univ. Católica do Rio Grande do Sul,Porto Alegre, Brazil; 3JAEA, Tokai-mura, 
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In many dielectrics, swift heavy ions of MeV-GeV 
energy produce tracks of a few nm in diameter. The track 
morphology depends on energy loss (dE/dx), particularly 
the formation of a continuous damage trail requires a 
critical (dE/dx)c. Below this threshold, chemical etching 
of discontinuous tracks exhibits inhomogeneous pore 
sizes and the track etching efficiency drops below unity. 
In the recent past, we studied the influence of dE/dx 
and of the ion velocity on the track morphology at fixed 
dE/dx [1,2]. Here, we report how the ion charge state 
affects the track morphology. The experiments were 
performed with phlogopite, a dark mica mineral for which 
fission-track etching is frequently applied for dating of 
geological samples.  
 
Fig. 1: (top) Ion charge state vs. kinetic energy of 
different irradiations at GSI and JAEA accelerators with 
qneq ( ) and qeq ( ) ions. The curve represents 
equilibrium charge as function of energy (Barkas 
formula) [3]; (center) energy loss vs. energy (SRIM-
code). The dE/dx of qneq ions is estimated by correcting 
the corresponding equilibrium SRIM values by a factor 
(qneq)2/(qeq)2; (bottom) etch pit diameter vs. energy from 
SFM analysis.  
The phlogopite samples were irradiated with 58Ni ions 
at three different accelerators (GSI, JAEA Tokai-mura, 
and JAEA Takasaki) using energies from 120 to 650 MeV. 
In this energy regime, the charge of the ions delivered by 
the accelerator is in general lower than the equilibrium 
charge state qeq at the corresponding ion velocity. The 
charge state of the Ni beams from both JAEA accelerators 
were non-equilibrium (qneq), whereas at GSI, qeq was 
adjusted by passing the ions through three Al-foils (total 
thickness ~3 µm) used as fluence control in front of the 
sample. The charge states of the different experiments are 
shown in Fig. 1, top. 
After chemical etching in 4 % HF (RT, 3 min), the 
samples were inspected by scanning force microscopy 
(SFM) [2]. Fig. 2 shows etched tracks from qneq = +15 and 
qeq ~ +23 ions, respectively from the original surface and 
from a sample area covered with a 3-μm thick Al foil. The 
significant difference in etch-pit size and shape illustrates 
the direct influence of the charge state on the track 
morphology. Since the projectile charge is closely linked 
to the energy loss (dE/dx ~ qeq2), the energy loss of qneq 
ions is generally smaller [3] (Fig. 1, center) and dropped, 
in the case shown in Fig. 2, below the critical (dE/dx)c for 
homogeneous damage creation. The inhomogeneous track 
etching results in smaller pit diameters as evident for 
almost all qneq ions (Fig. 1, bottom).  
These results demonstrate that the charge of the 
incoming projectile can have a significant influence on 
track phenomena studied on the sample surface.  
 
 
 
Fig. 2: SFM micrographs (3 µm × 3 µm) of etched tracks 
in phologopite sample irradiated with 58Ni ions of qneq = 
+15 (388 MeV) (left) original area and (right) area 
covered with a 3-μm Al foil in which the ions strip off 
electrons resulting in a equilibrium charge-state 
distribution around qeq ~ +23 (373 MeV).  
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Evolution of the structure and morphology of latent tracks as a function of elec-
tronic energy deposition  
A. Dunlop1, G. Jaskierowicz1, and C. Trautmann2 
1Laboratoire des Solides Irradiés, CEA/Ecole Polytechnique, Palaiseau, France; 2GSI, Darmstadt, Germany.
The creation of latent tracks in insulating materials ex-
posed to energetic heavy ions has been studied in a large 
number of targets. In particular detailed results were ob-
tained in yttrium iron garnet (YIG) Y3Fe5O12 irradiated in 
a broad range of electronic energy deposition (dE/dx)e 
both with monoatomic and cluster ions [1-4]. By means 
of Transmission Electron Microscopy (TEM) and chan-
neling Rutherford backscattering, it was demonstrated 
that with increasing projectile energy (i) discontinuous 
latent tracks appear at a threshold of dE/dx)t ≈ 4 keV/nm, 
(ii) the track diameter increases until (dE/dx)e reaches the 
Bragg peak (the maximum effective diameter is estimated 
to be 14 nm [1]), and (iii) above the Bragg maximum, the 
track diameter decreases with increasing projectile veloc-
ity. This so-called “velocity effect” has been related to the 
evolution of the density of deposited energy [1,4]: the 
higher the projectile velocity, the larger the lateral spread 
of deposited energy resulting in a reduction of the energy 
density. 
The aim of this work is to study the morphology and 
structure of ion tracks in the very high velocity regime 
unexplored up to now. For this purpose, small crystalline 
grains of YIG powder were deposited on TEM copper 
grids covered by a thin amorphous carbon film. The grid 
samples were exposed at 300 K and at normal incidence 
to U ions at the UNILAC and SIS applying fluences be-
tween 2 and 5×1010 ions/cm2, sufficiently low to avoid 
spatial track overlap. The beam energy was varied be-
tween 11.1 and 417 MeV/u corresponding to (dE/dx)e 
ranging from 49 to 9 keV/nm, respectively. 
High-resolution TEM investigations performed just af-
ter irradiation confirm that also in the high-velocity re-
gime the track diameters decrease with increasing projec-
tile velocity. Moreover, the track structure gradually 
evolves from a circular, well-defined amorphous zone 
into a more and more diffuse track of defective crystalline 
structure, and finally at very high beam velocities, the 
tracks show a very faint contrast in the TEM. They can 
only be imaged in high-resolution conditions in very thin 
sample regions and consist of almost perfect crystalline 
structures which are in perfect epitaxy with the surround-
ing material.  
Figure 1 compares the high-resolution TEM micro-
graphs of two tracks created at different ion velocities: at 
11.1 MeV/u ((dE/dx)e= 49 keV/nm), the track is continu-
ous, amorphous and has a diameter of about 13 nm,  
whereas at 291 MeV/u ((dE/dx)e=11 keV/nm), the track is 
quasi-continuous showing a non constant diameter. The 
damaged zone exhibits a very weak contrast and is crys-
talline with some point defects. The track diameter is re-
duced to about 3 nm. 
The large differences in the morphology, size and struc-
ture of tracks produced at different beam velocities is a 
clear illustration that structural modifications induced by 
swift heavy ions become much weaker if the deposited 
energy is spread into a large volume thus decreasing the 
deposited energy density. 
 
 
Figure 1: Bright-field high-resolution TEM micrographs 
of single tracks induced in YIG by U ions of (top) 
11.1 MeV/u and (bottom) 291 MeV/u. 
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Ion-induced damage and swelling in yttria-stabilized zirconia 
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Cubic zirconia (ZrO2) is considered to be a suitable 
refractory host (Tm∼3000 K) for actinide confinement 
used for transmutation or high-temperature reactor 
projects. Literature data on radiation damage of this 
material are rather limited concerning studies with heavy 
ions [1]. Moreover, point defects were investigated only 
in the case of pure electronic excitations with photons [2]. 
This study is focusing on defect creation in zirconia 
exposed to energetic charged particles, in particular on the 
characterization of defects and the analysis of the 
respective roles of elastic collisions and electronic 
excitations in the damage processes. We also investigated 
beam-induced volume changes (swelling), which is an 
important issue for nuclear applications of this material.  
Zirconia single crystals stabilized by yttrium in the cubic 
fluorite structure (ZrO2: Y, with 9.5 mol% Y2O3) were 
used as received (AR) or reduced by vacuum-annealing 
(R). Samples with <100> and <110> orientation were 
exposed to electrons (1-2.5-MeV) as well as to a large 
variety of different energetic ions (73-MeV 52Cr and 2.6-
GeV 238U ions at the UNILAC (GSI, Darmstadt); 145-
MeV 13C at the GANIL (Caen); and 180-MeV 32S, 200-
MeV 58Ni, 230-MeV 79Br, 100-MeV 127I, 200-MeV 127I, 
and 200-MeV 197Au at the VIVITRON (Strasbourg). 
The irradiated samples were characterized by electron 
paramagnetic resonance (EPR) spectroscopy, which is 
highly sensitive for color centers in dielectrics. The EPR 
spectra of all samples (irrespective of the mode of 
irradiation) exhibited the same main resonance lines 
assigned to F+ type centers and to the so-called T 
(trigonal) centers (i.e. Zr3+ centers) [2,3]. By electrons of 
variable energy, the threshold energy for F+ type center 
production was determined to be ∼1.0 MeV, whereas 
electrons between 1.0 and 2.5 MeV did not induce any 
clear change of the production rate for T centers.  
In the case of ion irradiation, the production rate of F+ 
type centers as a function of fluence does not scale with 
the inelastic stopping power. The data rather follow the 
number of displacements per atom (dpa) (for dpa 
calculations we used an oxygen displacement energy of 
∼120 eV [4]). This is a strong indication for the dominant 
role of elastic collisions in the F+ type center production 
process. However, we note that the data from the 
irradiation with U ions do not follow this trend. 
Rutherford backscattering channeling spectrometry 
results show that the lattice damage increases 
significantly above an electronic stopping power of ∼20 
keV/nm (below this value, the lattice damage is less than 
0.05%). Above the threshold, the damage fraction 
becomes larger with increases fluence but never surpasses 
40%. Obviously, none of our ions induce amorphization. 
This finding agrees with the observation that the out-
of-plane swelling (as measured by surface profilometry) 
is rather low (< 0.2%) regardless of crystal orientation 
and thermal treatment of the samples (Fig. 1) [5]. 
Swelling is also found to be proportional to the F+ type 
center concentration averaged over the projected range of 
the ions [5] and can be scaled by the estimated number of 
dpa. Yet, once again, the U ion data do not fit but exhibit 
a large slope when plotted as a function of dpa [5]. 
For U ions swelling yields ∼0.15% at a rather low 
fluence of 1012 ions/cm2 (corresponding low dpa). At a 
higher fluence of 1013 ions/cm2, the <100> samples 
spontaneously cleaved along the <110> direction. We 
assume that stress phenomena become more and more 
dominant due to pronounced production of defect 
clusters. Further experiments with particularly heavy 
projectiles will concentrate on irradiation-induced lattice 
disorder. 
 
Figure 1: Out-of-plane swelling versus ion fluence for as-
received (AR) and reduced vacuum-annealed (R) crystals. 
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Measurements of fossil confined fission tracks in geological samples with low 
track densities* 
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Several natural minerals contain trace amounts of ura-
nium. Spontaneous nuclear fission of 238U causes the for-
mation of particle (fission) tracks along the trajectories of 
the ejected nuclear fragments. The lattice damage along a 
fission track is repaired at elevated temperatures, leading 
to a gradual reduction of its etchable length that depends 
foremost on the highest temperature that the track has ex-
perienced. Thus fission tracks can be thought of as maxi-
mum-reading thermometers that are generated throughout 
geological time. 
Apatite occurs in low concentrations in most rocks and 
is the mineral of choice. The principal limitation of apa-
tite T(t)-modelling is that the number of accessible tracks 
is low because they are situated within the interior of the 
grains and only etched via cracks or other tracks intersect-
ing the mineral surface. The present experiments examine 
the effect of man-made ion irradiations under tilted beam 
incidence, producing oblique tracks that serve as etchant 
conduits for revealing the confined fission tracks inside 
the grains. The studied samples are 80-250 μm sized apa-
tite grains from young rocks from central Myanmar, with 
fission-track densities between 3×104 and 3×105 cm-2, cor-
responding to much less than 10 confined tracks for a typi-
cal sample. Polished epoxy mounts of several hundred 
unoriented apatite grains were irradiated at 15° from nor-
mal incidence at the UNILAC with Pb or U ions of ~800 
MeV energy (range ~30 µm) and ~2×106 cm-2 fluence. 
Track etching was carried out with 4M HNO3 at 25 °C in 
three sequential steps: te (etching time) = 15, 25, and 35s. 
Fig. 1 shows the number of measurable confined tracks 
Nc as a function of te. In most samples, the increase of Nc 
is greater than the increase of te. On average, Nc increases 
~3.5 times between te = 15 and 25 s and ~2 times between 
te = 25 and 35 s. The overall gain of Nc due to sequential 
etching between te = 15 and 35 s thus comes to a factor of 
~7, which is still much lower than the gain from the ion 
irradiation itself, estimated at ~30 times. The latter first-
order estimate is the average ratio of the ion track and the 
fission track densities. The maximum gain is achieved for 
the longest etching time (te = 35 s): Nc is on average ~200 
times greater than the estimated number of confined 
tracks in the unirradiated samples. Increases by a factor of 
up to >500 were observed for some samples, but there are 
indications of saturation when the confined tracks start to 
overlap.  
The variation of Nc between different samples in Fig. 1 
probably results from the fact that the apatite grains in the 
these samples have different sizes and shapes. The pres-
ence of spurious cracks and inclusions that obscure the 
track end-points can also contribute to variation between 
the samples. For maximum gain the irradiation conditions 
should be tailored to the sample characteristics. Although 
100 to 200 tracks are considered to be sufficient for T(t)-
modelling, higher numbers could become important when 
attempting to model the thermal histories of individual 
sediment grains. 
There is no indication that the ion-beam parameters in-
fluence the etchable lengths of the confined tracks. The 
beam orientation does, however, affect the angular distri-
bution of confined tracks in oriented crystals [1], but this 
is not relevant for mounts of unoriented apatite grains. 
Sequential etching has no apparent effect on their angular 
distribution. Its effects on the length of individual tracks, 
mean confined track length and length distribution are not 
clear. Overall, the results document an isotropic increase 
of the mean confined track length between te = 15 and 25 
s and an according quasi-uniform shift of the confined 
track length distribution towards longer lengths but no 
significant further increase or shift between te = 25 and 
35 s [2].  
 
Figure 1: Number of horizontal confined tracks in 18 ion-
irradiated apatite grain mounts as a function of etching 
time. 
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Laser spectroscopy and ion beam-induced luminescence of Gd3+ in Gd3Ga5O12
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Trivalent lanthanide ions in solids show sharp optical
zero-phonon transitions within the 4f-electron subshell,
since these electrons are strongly shielded by the Xe-like
electronic shell [1]. Still, residual electric fields of the
ligands at the rare-earth sites commonly cause Stark split-
tings of the otherwise degenerate fine-structure levels.
Additional influences that modify the local electric fields
(e.g. elevated pressure, temperature change, and lattice 
defects), alter these splittings accordingly. We intend to
use rare-earth ions as a potential spectroscopic probe for
ion beam-induced changes in solids.
Here, we report some spectroscopic results of gadolin-
ium gallium garnet Gd3Ga5O12 (GGG) that stoichiometri-
cally contains trivalent Gd ions. 
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Figure 1: Two-photon excitation spectrum of the Gd3+
6P7/2 multiplet in Gd3Ga5O12.
Figure 1 shows an excitation spectrum of the 6P7/2 multi-
plet (being the lowest excited 4f level) of Gd3+ in GGG at 
5 K, generated by two-photon transitions from the 8S7/2
ground state. The lines are inhomogeneously broadened
by random crystal strain to halfwidths of about 3.6 cm-1.
The spectrum was acquired with an intense sulfo-
rhodamine cw dye laser operated in the visible range. For
this purpose, the reemitted UV fluorescence of 6P7/2 - 8S7/2
one-photon deexcitation (ca. 32000 cm-1 or 313 nm) was
recorded with a cooled PMT. This one-photon transition
starts from the lowest 6P7/2 sublevel populated via radia-
tionless relaxation. Details of the experimental setup are 
given in [2, 3].
When exciting a 6P7/2 sublevel, the fluorescence intensity
I vs. sample temperature T (fig. 2) shows a maximum I0 at
around 20 K, followed by a strong exponential decrease
towards higher temperatures. Assuming radiationless
depletion of the excited level via a thermally activated
process according to a Boltzmann distribution, as 
described by
leads to an activation energy Q = 274 (± 2) cm-1, which
may be provided by a single optical phonon. The intensity
decrease below 15 K is not yet fully understood.
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Figure 2: Thermally activated quenching of the highest
6P7/2 sublevel with activation energy Q.
The fluorescence spectrum of GGG registered during
room temperature irradiation with 100 GeV 238U from the
SIS synchrotron of GSI exhibits strong lines around 590
and 720 nm originating from transitions between excited
states of Gd3+ (fig. 3). In agreement with the above find-
ings, no 6P7/2 - 8S7/2  transition can be observed.
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Figure 3: Fluorescence spectrum of GGG occurring under
irradiation with 400 MeV/u uranium ions.
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Material modifications induced by swift heavy ions in NbTi  
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The Facility for Antiproton and Ion Research (FAIR) to 
be built at GSI will be equipped with superconducting 
magnets. Due to the high beam intensities and related 
beam losses, radiation damage of the Cu/NbTi supercon-
ducting wires used in the magnet coils has to be consid-
ered [1]. Radiation-induced degradation of the supercon-
ducting properties of NbTi alloy was studied in the 1970s 
and ‘80s. Using projectiles such as protons, neutrons, deu-
terons, and O ions, was shown to result in increased elec-
trical resistivity and decreased critical current, supercon-
ducting transition temperature, and upper critical mag-
netic field [2]. These irradiations with light and/or low-
energy ion beams involve small electronic energy losses. 
Here we are interested in radiation effects in particular 
in structural changes produced with swift heavy ions (2.6-
GeV U) of much higher electronic energy deposition. 
A superconducting wire has typically a diameter of 
~1 mm and consists of several thousand thin NbTi-
filaments arranged in bundles embedded in a copper ma-
trix for thermal stabilization (Fig. 1). The filaments are a 
few µm thick and are composed of β-NbTi (bcc) and α-Ti 
precipitate (hcp) which improve the critical current by 
flux-pinning. During the cold-drawing process of the 
filaments, the β-NbTi matrix develops a <110> crystallo-
graphic texture.  
 
Figure 1: Optical micrograph of cross-section of multi-
filamentary wire (dark: NbTi filaments, light: Cu matrix). 
The irradiation of NbTi filaments was performed at the 
UNILAC applying fluences between 3×1011 and 5×1012 
ions/cm2 at a flux of 1 - 2×108 ions/cm2·s. Before irradia-
tion, the copper matrix was dissolved in aq. FeCl3. The 
filaments were clamped on an Al holder and exposed to a 
beam of 2.6-GeV U ions at room temperature. The elec-
tronic energy loss (dE/dx)e for U in NbTi is 53 keV/nm.  
Radiation-induced effects were examined using trans-
mission electron microscopy (TEM) (Philips CM20, 200 
keV), x-ray powder diffraction (λMo–Kα1 = 0.70926 Å) in 
flat-sample transmission geometry and with four-circle 
diffractometry (λCo–Kα = 1.78897 Å). 
Figure 2 shows a selected region of the diffraction pat-
tern of filaments irradiated with different fluences. The 
position of the dominant reflection of β-NbTi remains 
unchanged, i.e., there is no obvious change of the lattice 
parameters. The weak reflection of the equilibrium hcp α-
Ti phase decreases already at a low fluence of 3×1011 
ions/cm2. By TEM, we find evidence for the hexagonal ω-
Ti phase probably resulting from a transition of α- into ω-
Ti [3]. Neither track formation nor any other phase transi-
tion or amorphization of the β-NbTi phase was detected. 
 
Figure 2: X-ray diffraction pattern of filaments as func-
tion of applied fluence. 
Irradiated filaments showed changes of the β-NbTi tex-
ture, but quantitative analysis is problematic due to the 
small diameter of the filaments. We therefore measured 
larger foil samples with a ]101)[100(  texture before and 
after irradiation at a four-circle diffractometer. Comparing 
their pole figures gives evidence of irradiation-induced 
degradation and rotation of the azimuthal distribution of 
the (100) planes (Fig. 3). 
 
Figure 3: (100) pole figures of NbTi-foil (left: virgin, 
right: irradiated with 1012 cm-2 U ions). 
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Swift heavy ion irradiation for recovery from implantation defects in GaN 
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Photoluminescence of Gallium nitride can be tuned by 
doping with Mg-ions, e.g., by low-energy implantation. 
Unfortunately, the irradiation process produces lattice 
defects which can quench photoluminescence. In princi-
ple, thermal annealing could recover the crystal lattice, 
but GaN is not resistant to high temperatures and, in addi-
tion, surface melting and dopant diffusion cause prob-
lems. In this project, we are applying swift heavy ions as 
an alternative method to anneal implantation defects. De-
fect recovery with energetic ions was already investigated 
by RBS and TEM elsewhere [1]. Here, we are focusing on 
optical activation of Mg-ions. 
Commercial 3-µm thick GaN-samples (provided by 
TDI inc., USA) on sapphire as substrate were implanted 
with 100-keV Mg ions or 450-keV In-ions (for compari-
son) with fluences of 3×1013 and 1014 ions/cm2. The im-
plantation depth for both ions was about 100 nm. The 
implanted samples were subsequently irradiated with 570-
MeV Cr-ions at the UNILAC applying 5×1011 and 5×1012 
ions/cm2. The range of the energetic Cr ions is large 
enough (62 µm) to pass through the GaN film. The elec-
tronic energy loss in the GaN film is 7 keV/nm which is 
much lower than the energy loss of 200-MeV Au projec-
tiles (34 keV/nm) for which visible track formation has 
been observed [2].  
The implanted samples were investigated by low-
temperature (12 K) photoluminescence spectroscopy us-
ing a HeCd-laser (325 nm). Spectra of Mg- and In-
implanted samples before and after the irradiation with 
570-MeV Cr ions are shown in Fig. 1 and 2, respectively.  
 
Figure 1: Luminescence spectra of Mg-implanted GaN 
before and after the irradiation with 570-MeV Cr ions of 
fluence 5×1011 cm-2. 
The comparison of the photoluminescence spectra with 
well-known spectra of GaN and GaN:Mg [3] gives evi-
dence, that the near band-edge luminescence located at 
3.475 eV, commonly called I2, is reduced after implanta-
tion, especially after implantation with 1014 ions/cm2. This 
luminescence is not visible after implantation with In, 
(Fig. 2, lower curve). To describe the crystal quality, the 
ratio of the near band-edge luminescence I2 and the maxi-
mum value of the defect luminescence Idef, the broad band 
between 2.7 and 3.1 eV, was examined. After the MeV-ion 
irradiation, this ratio is increased from 0.24 to 21.26 for 
Mg-doping giving evidence for recovery of the damaged 
lattice. The recovery effect is even more visible in Fig. 2, 
where the near band-edge luminescence reappears and 
simultaneously the defect luminescence is reduced after 
the Cr-ion irradiation. The expected emission at 3.25 eV 
and its related LO-phonon replicas [3] are not visible, 
thus the Mg-ions were not optically activated after irra-
diation. The peaks at 3.18 eV and 3.26 eV probably result 
from specific defects produced by energetic Cr ions, be-
cause they also appear after irradiation of undoped GaN. 
Finally we should mention that the luminescence is hardly 
visible after the Cr-irradiation with 5×1012 ions/cm2. 
Our experiments demonstrate the possibility of lattice 
recovery with swift heavy ions. In future irradiations, we 
will vary the electronic energy loss to optimize the recov-
ery process and achieve optical activation of dopants. 
 
Figure 2: Luminescence spectra of In-implanted GaN 
before and after the irradiation with 570-MeV Cr ions of 
fluence 5×1011 cm-2 
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Beam-induced outgassing of Kapton foils at low irradiation temperatures 
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For lifetime estimations of the new superconducting 
FAIR magnets, radiation degradation especially of insu-
lating components has to be considered. This is in particu-
lar crucial because the exposure to strong radiation will 
occur at a low working temperature of 4.5 K.  
In this study we investigated the problem of ion-beam 
induced outgassing and accumulation of degradation frag-
ments in polyimide (Kapton) foils [1]. At room tempera-
ture, volatile degradation fragments are in general readily 
released from the polymer. However, during low-
temperature irradiations, they can accumulate inside the 
matrix as evidenced for CO2 molecules by means of infra-
red spectroscopy [2]. Larger gas concentrations and sud-
den release during warming up cycles of the magnets may 
lead to additional material destabilization. 
The irradiation experiments with 50 µm thick Kapton 
foils were performed at 13 K in the cryostat available at 
the SME beamline of the GANIL. The samples were ex-
posed to different fluences of 208Pb ions of 4.3 MeV/u. 
Outgassing species were recorded by online residual gas 
analysis with a mass spectrometer (Fig. 1). All spectra 
were corrected by background spectra from the bom-
bardment of the empty copper sample holder. The relative 
intensities of the different species do not change signifi-
cantly during irradiation. In the regime of light masses 
(m/z < 35), the most prominent contributions result from 
hydrogen H2 (m/z = 2) and a mixture of CO and N2 (m/z = 
28). Other smaller degradation products are different hy-
drocarbons C2Hx (m/z = 24-30) and O2 (m/z = 32). In the 
mass regime (36 < m/z < 80) heavier molecules like hy-
drocarbons from C3HxOy up to C6Hx appear, but an un-
ambiguous identification is not possible. It is also difficult 
to distinguish between small fragments produced by the 
ion beam and species resulting from fragmentation by the 
ionizing process in the mass spectrometer. Above m/z > 
81, we observe a small peak at m/z = 119. This mass can 
be assigned to phenylisocyanate (C7H5NO), for which we 
also see a weak signal from the CO-subtracted molecule 
at m/z = 91. The detection of this fragment confirms the 
proposed degradation mechanism based on scission of the 
polyimide molecules [3].  
The large outgassing yield at low irradiation tempera-
ture gives us a clear indication that small fragments are 
not completely frozen in, but can at least partially outgas 
from the polymer matrix. Figure 2 compares the mass 
spectra recorded at room temperature and at 13 K under 
similar irradiation conditions. At low temperature, the gas 
release is in general suppressed, predominantly for 
smaller species such as C2Hx hydrocarbons. 
In order to quantify the amount of gas release, we 
started to determine the mass loss by weighing Kapton 
samples before and after irradiation. First estimations 
from room-temperature irradiation series with U and Xe 
ions (11.1 MeV/u) yield a value of 0.6 % mass loss per 
MGy.  
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Fig. 1. Mass spectrum (log scale) of outgassing degrada-
tion fragments recorded during the irradiation of Kapton 
with 4.3 MeV/u Pb ions at 13 K.  
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Fig. 2. Mass spectra (linear scale) recorded during irradia-
tion at 13 K and at room temperature.  
Future studies will focus on degradation effects in Kap-
ton when exposed to high-energy and high-intensity 
beams of protons and neutrons with special focus on elec-
trical and mechanical property changes. We also started to 
investigate the radiation stability of fibre reinforced epoxy 
compounds planned as structural matrix in the coils of the 
FAIR magnets. 
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Novel two-step etching process for ion tracks in polyimide 
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Polyimide is of great technical importance because of 
its excellent material properties (including chemical in-
ertness and radiation resistance) which are maintained 
even at low and at high temperatures. When thin polyim-
ide foils are irradiated with energetic heavy ions, long 
nanometric tracks are formed. Under suitable conditions, 
the damaged material along these tracks is dissolved and 
developed into micro- or nano-sized pores of high aspect 
ratio. In early studies aq. KMnO4 and H2O2 were sug-
gested as etchant [1,2]. Later, better results were obtained 
with NaOCl as oxidizing agent [3-5], but the situation 
was still not satisfying because this hypochlorite is unsta-
ble and decomposes when exposed to light and/or tem-
perature. An additional difficulty is linked to the pH of 
the solution which strongly influences the etch rates of the 
bulk material as well as along the tracks. The controlled 
production particularly of highly cylindrical pores is prob-
lematic because it requires low pH values where the etch 
rates become extremely slow. The etching times are ex-
tended and accompanied by decomposition of NaOCl.  
In this work we suggest a two-step procedure combin-
ing the initially proposed treatment with H2O2 at high 
temperature followed by etching in NaOCl at high pH and 
moderate temperature. As material we used 25- and 50-
µm thick foils of polyimide Kapton (DuPont) and irradi-
ated them at the UNILAC with U ions of 11.1 Mev/u en-
ergy and a fluence of 4×106 and 108 ions/cm2.  
The pre-etching was performed in an aqueous solution 
of 30% H2O2 at 90°C for different times between 1 and 3 
hours. For the second etching step, the samples were im-
mersed into a 60°C warm commercial solution of NaOCl 
of pH 12.5 and containing 13% active chlorine. Fig. 2 
shows the resulting pore diameters as a function of etch-
ing time.  
 
 
Figure 1: Pore diameter as a function of etching time of 
the first and second process step. The pore size was 
measured by scanning electron microscopy. 
In order to analyse the resulting pore geometry, the 
membranes were galvanically filled with gold. The elec-
trodeposition was performed using ammonium sulphite 
gold as electrolyte (Metakem Co) at 55°C and current 
density 5 mA/cm2. Subsequently, the polyimide template 
was dissolved in a solution of 1 M NaOH containing 80% 
of ethanol at 70°C. The resulting free-standing gold struc-
tures reveal the original pore geometry (Fig. 2). As illus-
trated in Fig. 2, the pore shape is strongly influenced by 
the pre-etching step in H2O2. Compared to 1-step etching 
in NaOCl (pH 12.5, 60°C), the pretreatment leads to pores 
of improved cylindrical shape. The pore size of both sam-
ples is similar although the etching time in NaOCl dif-
fered by a factor of two. 
 
 
 
Figure 2: Gold replica of 50-µm thick Kapton foil con-
taining 108pores/cm2; left and center: cylindrical shape 
after 2-step etching (1 h pretreatment in H2O2 (90°C) fol-
lowed by etching 1 h in NaOCl (pH 12.5, 60°C)); right: 
bi-conical shape after 2 h etching in NaOCl (pH 12.5, 
60°C).  
Since H2O2 alone does not lead to observable pores, the 
effect of this oxidizing agent is probably based on clear-
ing of the track region and thus providing better access to 
NaOCl during the second process step and increasing the 
ratio of the track-to-bulk etch rate significantly. The bene-
fit of this two-step etching process is not only the im-
proved pore geometry but also leads to much shorter etch-
ing times without the problematic decomposition of 
NaOCl mentioned above. Details of the chemical activa-
tion by H2O2 and detrimental influence on the polyimide 
properties are not yet clarified. 
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Preparation of ion-track membranes of poly(p-phenylene terephthalamide) 
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There have been numerous studies on ion-track mem-
branes of poly(ethylene terephthalate) (PET) and polycar-
bonate (PC), which are easily prepared by ion beam irra-
diation and subsequent alkaline etching. More importantly, 
the ion-track membranes of chemically and thermally 
stable polyimide (PI) and polyamide (PA), with con-
trolled pore shape and size, may be required for the de-
sign of materials that must withstand severe conditions 
(e.g., alkaline solution and high temperatures). PI-based 
microporous membranes were obtained by ion-track etch-
ing with an oxidative solution [1] and precursor method 
[2]. However, the ion-track membrane of PA has not yet 
been reported because the etching sensitivity is inversely 
related to polymer stability. We report here, for the first 
time, the investigation of ion-track etching of poly(p-
phenylene terephthalamide) (PPTA), which is one of the 
PAs with the highest mechanical strength as well as 
chemical or thermal stability. 
16-μm-thick PPTA films were bombarded by swift 
heavy ions from the TIARA cyclotron of JAEA and the 
UNILAC linear accelerator of GSI. The ion fluence was 3 
× 107 ions cm-2. Further irradiation conditions are listed in 
Table 1. The irradiated PPTA films were etched in a so-
dium hypochlorite (NaClO) solution at 40°C without stir-
ring, whose pH value was adjusted at pH 9±0.5 by adding 
a 2 mol dm-3 hydrochloric acid (HCl) solution. The etched 
sample was washed with a large amount of water and 
dried at 40°C for 2 hours in vacuum. After depositing a 
Au coating, the surface and cross-section of the mem-
branes were imaged with a scanning electron microscope 
(SEM). The conductometric method was applied to de-
termine a track etching rate, Vt [3]. A bulk etching rate, Vb, 
was estimated to 0.05 µm h-1 by taking the decrease in 
film thickness during one-hour etching. Using the ratio of 
the two etching rates, we obtained the track formation 
sensitivity, Q, according to the following simple equation: 
Q = (Vt / Vb) – 1.                                             (1) 
Fig. 1 (a) shows SEM micrographs of the surface and 
cross-section of the membranes, which were obtained by 
the irradiation with 238U ions and a 12-hour etching. This 
clearly confirms the perfectly cylindrical pores with a 0.3-
µm diameter. The cylindrical shapes were also observed 
for the 197Au ion irradiated films. In contrast, as shown in 
Fig. 1 (b), the tracks of 129Xe ions were etched for 18 
hours, leading to observable tracks with a surface  
 
Table 1: Irradiation conditions and results. 
diameter of 0.8 µm. The cross section appeared to be non-
cylindrical all over the membrane cross-section. The films 
irradiated with 84Kr and 102Ru ions provided such funnel-
shaped pores, too. 
All results, including the linear energy transfer (LET) 
evaluated by a TRIM code, as well as the Q value and 
shape of the etched pore, are shown in Table 1. The latent 
tracks of the 84Kr, 102Ru and 129Xe ions exhibited lower 
sensitivity to etching. This is probably the reason why 
funnel-shaped pores appeared in the membranes irradi-
ated with these relatively lighter ions, where the pore di-
ameter at the film surface increased before the formation 
of through-holes. However, the track sensitivity of the 
heavier 197Au and 238U ions were found to be about 4.5 
times larger under the same etching conditions. The sharp 
increase in the Q value between the 129Xe and 197Au ions 
should be the origin of the transformation of the etched 
track from the funnel to cylindrical shape. This is a strik-
ing result, because the difference in the LET between 
these ions, which is just as much as that between the 
197Au and 238U ions, is considered to be very small. In this 
case, the LET does not seem to be the only significant 
factor determining the sensitivity. It was reported that the 
damage distribution in the latent track depended on the 
beam energy even at a fixed value of the LET [4]. This 
so-called "velocity effect" in the damage creation might 
be manifested for the present etched tracks.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: SEM micrographs of the surface (top) and cross-
section (bottom) of the PPTA-based ion-track membrane, 
which was prepared by (a) 238U and (b) 129Xe irradiations. 
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Ion
84Kr
102Ru
129Xe
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Energy
(MeV n-1)
6.2
3.1
3.5
11.1
11.1
LET
(MeV μm-1)
6.7
9.8
12.2
15.4
18.3
Q
2.4
6.8
14.2
62.4
63.4
Pore
shape
Funnel
Cylindrical
Cylindrical
Funnel
Funnel
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Chemical modification of track-etched single conical nanopores 
 inducing inversed inner wall polarity 
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Nanopores are currently considered as promising can-
didates for a variety of applications, including separation 
techniques and biological sensing [1,2]. The pore surface 
properties are crucial for all these applications, since they 
influence the transport properties (e.g. hydrophobicity, 
selectivity) and chemical groups on the inner pore walls 
may serve as binding sites for analytes [3]. Therefore, it is 
of highest interest to be able to control the wall properties. 
Track-etched pores in polymer films open the possibil-
ity to directly chemically modify their surfaces. In poly-
imide (PI), mainly carboxyl groups are created during the 
track-etching process [4], which can be modified by dif-
ferent methods. One has to keep in mind, however, that 
most of these methods involve organic solvents, which 
might affect the polymer. This is of minor importance for 
somewhat large pores [5], but becomes crucial when go-
ing down to nanometer sizes. 
The pores we were interested in here, are single conical 
pores in 12 µm thick PI, with only a few nm opening on 
one side, similar to those which have recently been used 
successfully for the detection of DNA molecules [6]. 
These pores are characterized by asymmetric I-V 
curves, which originate from their charged surfaces. 
These surface charges are influenced by the pH of the 
surrounding electrolyte (negative at neutral and basic pH 
(COO—) and neutral at acidic pH in the I-V curves can be 
seen as an indication for a (COOH), and the surface 
charge is therefore reflected in the shape of the I-V curves 
at different pH values [7]. The rectification vanishes for 
neutral surfaces and is reversed for positive ones [8]. 
Therefore, changes in the I-V curves can provide an indi-
cation for a change in surface charge. 
The method chosen here for modification uses only wa-
ter soluble chemicals to avoid any undesirable effects on 
the pore shape. The reaction is the following: 
The free carboxylic groups are first activated by N-
hydroxysuccinimide (NHS) esters via N-(3-dimethyl-
aminopropyl)-N-ethylcarbodiimide hydrochloride (EDC) 
[9] and subsequently react with an amine; this reaction 
yields amide bonds. The COO—groups are therefore con-
verted into NH2 terminal groups. 
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Activation was done by immersion of the samples in a 
0.05 molar solution of EDC and NHS in water over night 
at room temperature. After washing with distilled water, 
the samples were further immersed in a 0.01 M solution 
of ethylenediamine for 24 hours. Then they were washed 
three times with distilled water. 
To verify the success of the procedure, the I-V curves 
of the unmodified and modified pore were measured in 
1M KCl at pH 7 and 2, adjusted by HCl. Before modifica-
tion, the pore rectifies the ion current at neutral pH, and 
shows a linear behaviour at pH 2 (Fig. 1a), as expected 
for negative and neutral surfaces respectively. 
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Figure 1: pH dependence of the I-V curve of a polyimide (PI) pore be-
fore a) and after b) modification with ethylenediamine. 
After the modification with ethylenediamine, the pore 
still rectifies the ion current at neutral pH, but to a much 
lower degree, probably due to some unmodified carboxyl 
groups or due to the slightly negative behaviour of the 
NH2 group, which possesses a lone pair of electrons on 
the nitrogen atom. At acidic pH the direction of the I-V 
curve reverses, i.e., rectification occurs in the opposite 
direction (Fig. 1b). This is a clear hint for a successful 
modification, because at acidic pH the nitrogen atoms are 
positively charged due to protonation. It can be concluded 
that the polarity of the pore wall was changed and, as a 
result, inversion of rectification occurred at low pH after 
modification of the pore with ethylenediamine.  
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Characterization of track-etched membranes by small-angle x-ray scattering 
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Track-etched membranes are polymer foils irradiated 
with swift heavy ions and subsequently wet-etched to 
create pores by dissolving defects formed along the ion 
trajectories. Under suitable conditions, the resulting pores 
are of cylindrical shape and uniform in size. Such mem-
branes are commonly used for filtration or as templates 
for nanowires, grown inside the pores, e.g., by electro-
chemical deposition. 
The aim of this project is to compare nanometric pores 
in different polycarbonate (PC) foils and to study the ef-
fect of UV treatment. UV exposure of ion-irradiated 
polymers prior to chemical etching is a sensitization proc-
ess widely used to improve the size distribution of pores. 
The experiments were performed with two different 
types of amorphous PC foils (30 µm Makrofol N, 20 µm 
LOFO) irradiated at the UNILAC with Xe ions of 11.1 
MeV/u and fluences between 3×108, and 109 ions/cm2. 
Prior to etching, some of the samples were exposed to UV 
light (1 h from each side). Track etching was carried out 
in 5 M NaOH at 60 °C for 3, 5 and 8 min. 
Ion-irradiated and etched membranes were analysed by 
small-angle x-ray scattering (SAXS) at the ID01 line of 
the ESRF synchrotron in Grenoble. SAXS is a non-
destructive method probing large pore ensembles with a 
single measurement and providing three-dimensional pore 
information in the bulk [1], in contrast to typical micros-
copy techniques (e.g. scanning electron or force micros-
copy) that are limited to the sample surface.  
 
 
Fig. 1: SAXS data of 3×108 pores/cm-2 in LOFO polycar-
bonate (UV sensitized, 8 min etching). Right: anisotropic 
scattering pattern on 2D detector; left: x-ray intensity as a 
function of scattering vector for data in vertical (broad 
curve) and horizontal (narrow curve) rectangular filter. 
 
A typical scattering pattern recorded with monochro-
matized x-rays (λ=0.088 nm) on a two-dimensional detec-
tor is shown in Fig. 1, right. Under tilted geometry, the 
parallel oriented pore ensemble produces a highly anisot-
ropic pattern with two symmetric streaks. The pixel inten- 
sity of the data from the narrow rectangular-shaped filter 
area plotted as a function of the vertical axis exhibits pro-
nounced oscillations (Fig. 1, left). 
The data are analysed with a multipurpose XY data 
treatment software (PXY) [3] which allows modelling of 
2-D SAXS pictures for scattering objects of simple or 
more complex (e.g., single/double cones or spindles) cy-
lindrical shape with a radius r. The oscillations originate 
from the radial part of the Fourier transform of a cylinder 
mathematically described by the Bessel function [2]. The 
large number of oscillations is a clear indication of excel-
lent uniformity in pore size. Comparing the oscillations of 
a sample with and without UV exposure, gives evidence 
that the UV treatment leads to a more uniform pore size 
distribution (Fig. 2).  
Moreover, we also observe large differences between 
LOFO and Makrofol polycarbonate foils: the oscillations 
are more marked for LOFO than for Makrofol while the 
pore radii are smaller (between 30 and 90 nm and be-
tween 60 and 170 nm respectively) [3].  
 
 
Fig. 2: SAXS intensities of LOFO samples with (upper 
curve) and without (lower curve) UV exposure before 
etching (5 min). The UV-treated sample exhibits much 
stronger oscillations corresponding to higher pore size 
uniformity. 
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Rectification in synthetic conical nanopores 
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The theoretical description of ionic transport processes 
in nanoporous materials is a very interesting topic, since 
these materials have promising technological applications 
e.g. in sensing and filtration of molecules with size com-
parable to the pore diameter, and especially single pores 
may serve as model systems for biological ion channels. 
By the track-etching method [1], it is possible to produce 
single conical pores with nanometer sized openings on 
one side, showing transport properties similar to biochan-
nels such as ionic current fluctuations [2], rectification 
[2], flux inhibition by divalent cations [3] and selectivity 
[4]. 
We proposed a theoretical model based on the Poisson-
Nernst-Planck formalism [5] able to describe experiments 
on such nanopores prepared in 12 µm thick PET film (ir-
radiation at GSI with 11.4 MeV/u U28+, etching from one 
side with 9 M NaOH at 23 °C). Subject of the study was 
the concentration dependence of the rectification recorded 
under symmetric electrolyte conditions, 0.01 – 1 M KCl. 
It was demonstrated experimentally and is also assumed 
in our model that rectification results from electrostatic 
interactions of the mobile ions with fixed charges on the 
pore wall, which are created during the etching process. 
The model used here makes it possible to reproduce the 
experimental results using the surface charge as the only 
free parameter.  
 
 
Figure 1: Experimental data (left) and calculations (right) 
of I-V curves for a conical nanopore with dimensions 
aL = 22 nm and aR = 168 nm at different concentrations. 
This is shown in Fig. 1, where the measured and calcu-
lated I-V curves of a pore with small radius aL = 22 nm 
and large radius aR = 168 nm (sample 1) are displayed. 
They show the well-known asymmetry with higher cur-
rent for positive potential on the small pore opening. To 
understand the origin of this behaviour, the average po-
tential and concentration profiles inside the pore have 
been calculated for different voltages at 0.1 M (Fig. 2). 
The potential exhibits a clear asymmetry (with a potential 
well at the pore tip), which causes asymmetric co- and 
counter ion distributions. For positive voltages, the major-
ity ions are driven into the pore tip by the electric field, 
followed by the minority ones to preserve electroneutral-
ity. In contrast, decreased concentrations occur for nega-
tive voltages. Since the conductance of the pore is linked 
to the concentration of charge carriers, this leads to the 
observed asymmetric I-V characteristics. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Average electric potential and concentrations of 
anions and cations inside sample 1 at 0.1 M KCl. 
The degree of this rectification is given by |I(V)/I(-V)| 
and plotted in Fig. 3 for two pores (sample 1 and sample 2 
with aL = 3 nm and aR = 220 nm) at V = 0.5 V against the 
concentration. Measurements and calculations exhibit a 
maximum at about 0.1 M. For higher concentrations the 
rectification decreases due to stronger shielding of the 
fixed charges.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Measured and calculated concentration depend-
ence of the rectification for  samples 1 and 2 at 0.5 V. 
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Resistive Pulse Sensing of Protein and Protein/Antibody Complexes Using Single 
Conical Nanopores 
L.T. Sexton, L.P. Horne, S. Sherrill, L.A. Baker, Y. Choi and C.R. Martin# 
Department of Chemistry and Center for Research at the Bio/Nano Interface, University of Florida, Gainesville, FL 
32611-7200, U.S.A.
Current work in the Martin group has focused on utiliz-
ing single conical nanopores prepared by the track-etch 
method [1] to detect proteins via the resistive pulse sens-
ing technique by recording current-time (i-t) traces 
through a single pore.  When an analyte passes through 
the pore, translocation events are observed in the i-t trace.  
In this study, we recorded translocation events for an in-
dividual protein and a protein/antibody complex.  We 
then analyzed the difference between the protein and the 
complex events.  Bovine serum albumin (BSA) and its 
antibody were used as a model system.  
Membranes containing single nanopores were prepared 
by irradiating 12-µm thick polyethylene terephthalate 
(PET) foils with individual heavy ions (e.g. Au, Pb, U of 
11.4 MeV/u) from the UNILAC.  Through a chemical 
track etching process, using 9M NaOH and 1M formic 
acid, the single track was developed into a conical pore 
[1].  The base diameter of the resulting conical pore was 
~520 nm, and the small diameter opening after etching 
was ~45 nm.  The pores were then electrolessly gold 
plated and subsequently functionalized with a 
poly(ethylene glycol) (PEG) monolayer [2].  This was 
done to minimize non-specific protein absorption [3] and 
accomplished with a thiolated PEG chain (MW 5000).   
After these steps the base diameter remained approxi-
mately the same diameter because the Au layer and PEG 
monolayer deposited are very thin, however, the tip di-
ameter is decreased to ~17 nm.  
The PEG functionalized single conical pore was 
mounted in a conductivity cell, and each side was filled 
with 10 mM PBS buffer (pH = 7.4) that was also 100 mM 
in KCl.  A Ag/AgCl electrode was placed on each side of 
the cell and connected to an Axopatch 200B (Molecular 
Devices Corporation, Union City, CA) patch clamp am-
plifier which was used to apply the desired potential, and 
measure the resulting ionic current flowing through the 
nanopore. Current time recordings were taken in the pres-
ence of (A) buffer only, (B) increasing concentrations of 
BSA, and (C) a solution of BSA with excess anti-BSA.  
Control experiments with streptavidin (SA) in the pres-
ence of anti-BSA were also done.  
The translocation events for BSA showed a voltage de-
pendence between 400-1000 mV, as well as a concentra-
tion dependence with the four concentrations used be-
tween 25-100 nM at an applied potential of 1000 mV.  
After addition of excess anti-BSA (270 nM) to a solu-
tion that was 100nM in BSA facing the tip side of the 
conical nanopore, the duration and amplitude of events 
changed dramatically.  Histograms of event duration for 
the BSA/anti-BSA complex were compared with those 
associated with BSA only.  The event durations observed 
for the complex were much larger (~2213 ± 187 ms) than 
those for the protein only (~520 ± 11 ms), which indicates 
that the BSA/anti-BSA complex was formed and translo-
cated the nanopore.  
Scatter plots of event amplitude vs. event duration for 
BSA and the BSA/anti-BSA complex were also compared 
(Fig. 1).  One unexpected observation is the decrease in 
amplitude for the events associated with the pro-
tein/antibody complex.  One would expect an increase in 
event amplitude with a larger analyte [4].  A possible ex-
planation for this occurrence could be due to conforma-
tional changes that must take place in order for the com-
plex to translocate the nanopore.  
Control experiments with SA and anti-BSA showed 
that events associated with SA do not change in amplitude 
or duration after addition of anti-BSA.  
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Figure 1: Scatter plot of translocation event amplitude vs. 
event duration for 100nM BSA (square) and 100nM BSA 
with 270nM anti-BSA (open circle). Applied transmem-
brane potential of 1000mV.  
   In this work we have demonstrated that our conical 
nanopore sensors are capable of detecting protein analytes 
via resistive pulse sensing. We have also shown that when 
the protein and antibody are combined, a significant shift 
in the translocation events is observed.  Indeed, it should 
be possible to use this sensing strategy to quantitatively 
detect a target protein within a mixture of proteins.  
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Burn-out current density of bismuth nanowires 
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1GSI, Darmstadt, Germany; 2University of Marburg, Hans-Meerwein-Str., 35032 Marburg, Germany
In the recent past, extensive studies were performed on 
nanoscale materials. In particular, bismuth nanowires 
attracted large interest because of their extraordinary 
properties and possible application in thermoelectric 
devices. 
Regarding future implementations, the maximal current 
density jmax nanowires are able to carry is an important 
aspect. High current densities can cause voids in the wires 
or even lead to wire breakage. Bulk metals fail because of 
Joule heating at current densities of 103 to 104 A/cm2 [1]. 
Bulk Bi is expected to fail at lower jmax, since the specific 
electrical resistivity of this material is more than fifty 
times higher than in conventional metals and the melting 
temperature amounts only to 271 °C. In microstructures 
another effect - electromigration – was found to cause 
failure [2]. This is a thermally activated process where 
atoms diffuse mostly at grain boundaries so that voids are 
formed. Failure occurs when voids coalesce so that they 
finally cause a breakage along the whole wire width.  
In order to investigate the burn-out current density, 
single Bi nanowires were prepared electrochemically in 
ion track-etched polycarbonate (PC) membranes. The 
templates were fabricated by irradiating PC foils with 
single swift heavy ions at the UNILAC. Subsequently, the 
foils were etched in 2M NaOH at 50 °C. After coating one 
side of the membrane with a conductive layer, the wire 
was grown electrochemically in the single nanopore [3]. 
The deposition was continued until a cap was formed on 
top of the wire. After rinsing and drying the sample, an 
additional gold layer was sputtered onto the cap for 
electrically contacting the nanowire [4]. In order to 
determine jmax the current was ramped up in a two-contact 
configuration until failure occurred.  
Fig. 1 displays the I-V curve of a single bismuth 
nanowire with diameter 230 nm. The breakage being 
indicated by the arrow is observed at I = 900 µA, i.e., jmax 
= 2.2*106 A/cm2.  
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Fig. 1: I-V curve of a single Bi nanowire. The dashed line 
is a guide-to-the-eye displaying a linear ohmic behaviour. 
The burn-out current density of single bismuth 
nanowires created under two different deposition 
conditions as a function of their inverse diameter is 
presented in Fig. 2. The plot shows that jmax is directly 
proportional to d-1, i.e., wires of smaller diameters stand 
systematically higher current densities. Thus, while bulk 
metals carry current densities of up to ~ 104 A/cm2 [1], 
our experiments reveal that wires with diameter 1 µm can 
carry jmax ~ 5*105 A/cm2, the maximum current density 
increasing further with decreasing wire diameter. Higher 
current densities of up to 3.5*106 A/cm2 are carried by 
thinner wires due to very effective heat dissipation, 
caused by the larger surface-to-volume ratio of the 
nanowire embedded in the polymer matrix.  
Within the experimental uncertainty, wires created 
under different conditions show the same jmax. However, 
wires created at higher temperature and smaller 
overpotential, i.e., wires that consist of larger grains and 
possess lower specific electrical resistivities [4], can carry 
systematically higher current densities. This is due to the 
presence of less grain boundaries, which decreases both 
the effects of atom diffusion and the specific electrical 
resistivity, also lowering the generation of Joule heat [4]. 
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Fig. 2: Maximum current density of single Bi nanowires 
as a function of the inverse diameter. The dashed line 
represents the linear relation of jmax versus d-1. 
 
Our results imply that (i) jmax is two orders of 
magnitude higher for embedded Bi nanowires compared 
with bulk metal and (ii) jmax increases with diminishing d. 
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Influence of crystallinity on morphological changes in Au nanowires  
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Metallic nanowires are regarded as a key component of 
future nanoscale devices. Strength of nanowires against 
surface tension effects or the so-called Rayleigh instabil-
ity is crucial for the reliability of nanowire-based compo-
nents. This instability stimulates a nanowire to break up 
into a linear row of nanospheres [1, 2]. An extensive sta-
bility analysis by Nichols and Mullins explains many as-
pects of this process that induces morphological changes 
occurring in cylindrical solid rods by mass transport ei-
ther by surface or volume diffusion [3]. The analysis as-
sumes an isotropic surface energy of the initial rod. How-
ever, the surface energy of crystalline solids is generally 
anisotropic varying with the crystallographic orientation. 
Recent theoretical investigations found that the surface 
energy anisotropy originating from different crystallo-
graphic orientations of nanowires can either promote or 
suppress Rayleigh instability [4]. Experimentally, 
nanowires with different crystallinity can be created de-
pending on the fabrication conditions. Thus, nanowires 
provide a suitable system to experimentally investigate 
Rayleigh instability as a function of crystallinity. In addi-
tion, a detailed understanding of the instability is neces-
sary to apply it as an unconventional patterning method. 
Here, we explored some consequences of different crys-
tallinity of Au nanowires on the morphological changes. 
We fabricated Au wires of diameter D = 87 nm by elec-
trochemical deposition in etched ion-track membranes. 
By varying the deposition conditions, both polycrystalline 
(PC) and single-crystalline (SC) nanowires were synthe-
sized. X-ray diffraction as well as transmission electron 
microscopy analysis confirmed that the SC wires are 
strongly <110> textured. The polymer templates were 
subsequently dissolved in CH2Cl2 and the nanowires were 
dispersed on SiO2 substrates. The wafer pieces carrying 
the nanowires were annealed in an evacuated furnace at 
600 °C for different time periods (ta). After cooling down 
to room temperature, the samples were examined using 
high resolution scanning electron microscopy (HRSEM).  
The micrographs in figure 1 illustrate the sequences of 
transformation of polycrystalline and single-crystalline 
Au wires into chains of nanospheres when annealed at 
600 °C. The morphology of as-prepared polyc- and sin-
gle-crystalline wires is presented in part (a) and (e), re-
spectively. As evident in the figure, first, thickness undu-
lations are developed on the wires causing a wire to frag-
ment and, finally, the fragments spheroidize.  
In the case of PC wires, axial perturbations developed 
at 1 h annealing (Fig. 1b). The wires fragmented and de-
cayed partially into nanospheres at ta = 2 h (Fig. 1c). Fi-
nally at 2.5 h, the wires were completely transformed into 
chains of nanospheres as is evident in figure 1d. The mor-
phological evolution of SC wires at 600 °C is depicted in 
the figures 1e-h. The wires proved significantly more re-
sistant to breakup compared to the PC wires. The first 
sign of radial perturbation in the wires appeared only at ta 
= 2.5 h, fragmentation at 3 h, and the complete decay into 
chains of nanospheres was observed after 5 h annealing.  
 
 
 
 Fig.1. HRSEM images demonstrating the decay of poly-
crystalline (left) and single-crystalline (right) Au wires (D 
= 87 nm) into chains of nanospheres. The annealing was 
performed at 600 °C for different times indicated on the 
micrographs. 
 
The mean distance between the nanospheres formed af-
ter the complete decay of both PC and SC wires is 515 ± 
89 and 771 ± 162 nm, respectively. Both values are 
higher than predicted for materials with isotropic surface 
energy evolved via surface diffusion (386.7 nm). 
In summary, it was demonstrated that <110> oriented 
single-crystalline Au nanowires are more stable against 
Rayleigh decay as compared to polycrystalline wires. In 
addition, the size and spacing of the nanospheres formed 
after the decay are also depend on the wire crystallinity.  
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Antennalike plasmon resonances of single gold nanowires in the infrared 
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Nanostructures, especially nanowires, are regarded as 
fundamental components of future key technologies. For 
example, metal nanowires are expected to play a decisive 
role for electronic devices, sensoric and analytic methods 
in life science. Another near future application using 
metal nanowires is the apertureless scanning near field 
optical microscopy (SNOM). This position sensitive tech-
nique allows one to detect vibrational fingerprints of sin-
gle molecules on nanoantennas exploiting surface en-
hanced infrared absorption (SEIRA). For an efficient en-
gineering a detailed characterization of the optical proper-
ties of nanowires is necessary. Within the framework of 
our studies we examined the optical properties of single 
metal nanowires (supported by a dielectric substrate) us-
ing infrared (IR) spectroscopic microscopy. 
Gold nanowires with diameters between 50 and 200 nm 
were prepared by electrochemical deposition in polymeric 
etched ion track membranes [1]. After dissolution of the 
membrane, the wires were transferred onto an IR trans-
parent substrate (e.g. KBr, CaF2, ZnS) for spectroscopic 
measurements. 
We performed infrared spectroscopic microscopy of 
single gold nanowires at the IR-beamline of the synchro-
tron light source ANKA (Forschungszentrum Karlsruhe). 
First, the wire was located and its length (L) was deter-
mined by microscopy with visible light. Then the IR-
beam (diameter of 8.3µm in the focal plane) was centered 
on the selected wire and IR-transmittance spectra (sample 
spectra) in the spectral range from 600 to 6000 cm-1 were 
recorded. Subsequently, in order to eliminate environ-
mental effects, reference spectra (same spectral range) 
were taken at some distance from the nanowire. 
For nanowires with a length of a few microns we ob-
served significant antennalike plasmon resonances in the 
relative transmittance spectra (ratio of the sample and 
reference spectra, see Fig. 1). The strongly polarization 
dependent resonances were observed only for the electri-
cal field parallel to the long axis of the wire. From rela-
tive transmittance measurements the extinction cross sec-
tion of a single nanowire with respect to the geometric 
cross-section is calculated regarding the spot size of the 
IR-beam, the length and diameter of the nanowire and the 
influence of the substrate. At the position of maximum 
extinction (resonance wavelength Γ) we found ratios >1, 
which indicate an enhanced local field in the vicinity of 
the nanowire [2]. 
The measured Γ cannot be described by the well-known 
L = m⋅Γ /(2n) dipole relation for macroscopic ideal anten-
nas being completely embedded in a medium with refrac-
tive index n. Instead, we observed a shift towards higher 
resonance frequencies according to different reasons.      
(i) The shape of the wire (diameter) and the wire material 
affect the position of the resonance wavelength, which is 
confirmed by electromagnetic scattering simulations at 
single gold nanowires [2]. (ii) The polarizability of the 
substrate (with dielectric constant εs) plays a major role as 
we see in our experiments. In order to characterize the 
system completely, the polarizability of the surrounding 
medium (εm) has to be taken into account. For a rough 
approximation this can be done by an effective dielectric 
function εeff = 1/2 (εs +εm) [2]. For a demonstration of the 
effect of the embedding medium on the nanowire reso-
nance curve we covered a nanowire on a ZnS substrate 
with paraffin wax.  Due to the paraffin coverage the reso-
nance shifts to smaller frequencies (see Fig. 1), which can 
be explained with the effective refractive index neff = √εeff. 
From our investigations of single gold nanowires we 
qualitatively know the influence of substrate and shape of 
the wire on the resonance frequency. In consideration of 
these effects we extend the L = Γ /2 dipole relation to ωres 
= πc/(Lneff)*R(L/D). The factor R(L/D) describes the 
shape effects. With that relation we obtain the ratio 
92.0// == parres
air
res
air
res
par
res nnωω  between the resonance fre-
quencies before and after evaporating paraffin (with εs = 
4.84 for ZnS and εm = 2.02 for paraffin). This ratio is in 
good accord with our experimental results for the reso-
nance frequencies of several experiments [2]. 
 
We thank the IR-beamline scientists (M. Suepfle, Y.-L. Mathis, 
B. Gasharova and D. Moss) of the Angströmquelle Karlsruhe 
(ANKA) for helpful discussions and technical support. We ac-
knowledge valuable discussions with H. Eipel (KIP). 
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Fig. 1: Relative transmittance spectra of a single Au nanowire (L ≈ 
1.4µm, D = 100nm) with (line) and without (dots) paraffin [2] 
MATERIALS-21
329
Cadmium chalcogenides nanowires obtained in ion track templates*  
I. Enculescu1, M. Sima1, E. Matei1, M. Enculescu1, T.W. Cornelius2, R. Neumann2 
1National Institute for Materials Physics, Magurele, Romania; 2GSI, Darmstadt, Germany 
Metal chalcogenide semiconductor nanowires are of 
particular interest for several reasons. First, II-VI semi-
conductors present a broad range of band gaps (from 0.15 
eV in HgTe to 3.68 eV in ZnS). Second, most of them 
have direct energy gaps making them particularly impor-
tant for electro-luminescence devices. Third, these kinds 
of semiconductors can be electrochemically deposited 
from aqueous solutions. The deposition process on mac-
roscopic electrodes has been extensively studied in the 
last decades, driven by the large amount of applications 
that II-VI and IV-VI semiconductor devices have nowa-
days. Examples are the use of CdTe in a broad range of 
optoelectronic devices such as infrared, X-ray, and 
gamma ray detectors, the investigations of CdTe/CdS 
systems as a good alternative to silicon solar cells, and the 
use of ZnSe to prepare light emitting or laser diodes in the 
blue band. Moreover, these semiconductor compounds 
form solid solutions over a considerable range of compo-
sitions, and even better control over various properties 
and structural changes may be achieved in ternary semi-
conductors. 
This paper presents some of our results in preparing 
CdS and CdTe nanowires by the template method. We 
used ion track-etched nanoporous polycarbonate mem-
branes which were filled by electrochemical deposition, a 
method extensively used for preparing metallic nanostruc-
tures [1,2]. The bath used for deposition of CdS 
nanowires contains 200 mM CdCl2⋅2H2O and 10 mM 
Na2S2O3⋅5H2O at pH 2-3, the following reaction taking 
place at the working electrode:  
Cd2++S2O3
2-+2e-→CdS+SO3
2- 
Figure 1 displays a scanning electron microscopy 
(SEM) image of a CdS nanowire array with rectangular 
cross-section which was deposited at -750 mV at 90 °C. 
 
 
 
Figure 1. Array of CdS nanowires deposited in an ion 
  track template 
 
Deposition of CdTe nanowires was performed in a po-
tentiostatic mode using an acidic deposition bath (1 M 
CdSO4, 0.3 mM TeO2 at a pH of 1.6 adjusted with 
H2SO4).  The following reactions take place during depo-
sition: HTeO2
+ + 3H++ 4e- → Te +2H2O and 
 Cd2+ + Te + 2e- → CdTe 
The composition of the nanowires was investigated by 
energy dispersive x-ray analysis. The wire composition as 
a function of deposition potential is presented in Fig. 3. 
Stoichiometric composition was achieved at U ~ 550 mV. 
Lower overpotentials provide a Te excess, while an ex-
cess of cadmium is present for higher U. 
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Figure 2. Cd content as a function of deposition poten-
tial for CdTe wires 
 
A SEM image of an array of CdTe hollow rods depos-
ited at 70°C and -550 mV is presented in Fig. 3.  
 
 
 
Figure 3. An array of CdTe hollow rods prepared by 
electrodeposition in ion track membranes. 
 
These results demonstrate that electrochemical deposi-
tion is a promising approach towards the preparation of 
semiconductor nanostructures. 
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Textured growth of metallic fcc nanowires under direct and alternating
current deposition conditions
F. Maurer1, J. Bro¨tz∗1, H. Fuess1, S. Karim2, M.E. Toimil-Molares2, and C. Trautmann2
1Technische Universita¨t Darmstadt, Darmstadt, Germany; 2GSI, Darmstadt, Germany
For the fabrication of metallic nanowires, nanoporous
templates are produced by irradiating polymeric foils at
the UNILAC facility. After chemical etching of the ion-
induced damage tracks, the cylindrical pores of the tem-
plate are ﬁlled with metals by electrodeposition. The re-
sulting nanowires have high aspect ratios (diameter a few
ten nm, length a few ten μm).
Here, we investigate the textured growth of metallic
face-centered cubic (fcc) nanowires, in particular Cu [1]
and Au [2]. Under direct current (dc) growth condi-
tions, 〈110〉 textured wire ensembles occur, whereas 〈100〉
growth directions develop under alternating current (ac)
deposition. X-ray diffractograms of Au nanowire ensem-
bles of different textures are shown in ﬁgure 1.
Figure 1: X-ray diffractograms of Au nanowire ensembles
of a) 〈100〉 texture under ac deposition; b) 〈110〉 texture
under dc deposition conditions; the dashed vertical lines
with triangles atop represent the intensity distribution of a
polycrystalline and untextured sample.
To explain these experimental results, the broken bond
model [3] was applied to the anisotropy of single-
crystalline or textured wires in combination with surface-
energy minimization growth tendencies: The energy of
an atomic surface is considered to be proportional to its
broken-bond density. The constitution of the circular top
and base planes, as well as the cylindrical mantle surfaces
depend on 〈hkl〉 of the wire and can be determined from
crystallographic projections [4]. The evolution of the sur-
face energy E〈hkl〉 of an 〈hkl〉 textured fcc nanowire en-
semble during growth, i.e. increasing aspect ratio h/d, is
∗ contact: broetz@tu-darmstadt.de
shown in Figure 2.
Figure 2: Evolution of surface energy E〈hkl〉 of 〈hkl〉 tex-
tured fcc nanowires with aspect ratio h/d.
Up to an aspect ratio of 1 a 〈111〉 texture represents the
conﬁguration of lowest energy. At higher aspect ratios the
〈110〉 orientation becomes the most favorable growth di-
rection. Under ac conditions, lattice sites of high reactivity,
i.e., lattice defects or surfaces with high number of broken
bonds are preferentially dissolved during the anodic cycles
of the alternating polarity. As {110} surfaces exhibit a
high number of broken bonds these lattice sites, and thus
the 〈110〉 texture, successively disappear under ac condi-
tions. In absence of {110} surfaces, a 〈100〉 texture rep-
resents the orientation of lowest energy for aspect ratios
larger than 5 (see Figure 2). The 〈110〉 texture under dc
and the 〈100〉 texture under ac deposition conditions be-
come stronger at smaller diameters, as the transition aspect
ratios are reached earlier.
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Microbeam Mapping of Charge Collection in Hexagonal Power MOSFETs 
and Its Relation to Single Event Burnout 
J. Barak1, D. David1, G. Du2, B. E. Fischer2, A. Haran1, M. Heiß2, N. Refaeli1 , and K.- O. Voss2  
1 Soreq NRC, Yavne, Israel, 2GSI Materials Research, Darmstadt, Germany
Single Event Burnout (SEB) in power MOSFETs is of 
major concern with regard to the suitability of the MOS-
FET for space missions and other high particle radiation 
environments. Large efforts have been made to deeply 
understand this phenomenon, in order to develop power 
MOSFETs which are less sensitive to SEB [1], [2]. When 
an ion hits the MOSFET source, amplification of an in-
herent parasitic bipolar transistor (BJT) may start an ava-
lanche process, and as a result, a breakdown, i.e. a Burn-
out event, may occur. The SEB cross-section depends on 
the bias voltage (electric field), the ion stopping power, 
and its hit location on the MOSFET surface. Experiments 
with a microbeam can yield valuable information regard-
ing the effect of the hit location on SEB probability, unat-
tained in wide beam tests. This information is highly im-
portant to validate the results obtained by the simulations. 
The current amplification of the parasitic BJT gives rise 
to higher charge collection (CC). In a previous work car-
ried out at the GSI microbeam facility [3], the mapping of 
the charge collection of an ST Microelectronics device 
revealed areas with high charge collection. These spots 
were related to points where the device might burn out. 
The charge collection spectrum was measured using a 
pulse-height analyzer as was done in [1]. 
In the present work we study an International Rectifier 
HEXFET technology MOSFET, IRF360. In Fig. 1 the 
“neck” area is shown below the gate where the MOSFET 
current is marked, with the N source structure on both 
sides. The hexagonal structure is perfect for mapping 
since there is no ambiguity in determining the location of 
each ion hit within the FET cell. For the microbeam map-
ping we have used Xe ions with 634 MeV. 
 
 
Fig. 1. The HEXFET structure (Fig. 1 in [4]). 
 
Fig. 2 shows the charge collection spectrum for a drain 
to source bias (VDS) of 7 V. The points sensitive to SEB 
are expected to be those showing high charge collection 
with different amplification factors. Fig. 3 shows the 
mapping of those ions which have high charge collection. 
The mapping suggests that the source area exhibits charge 
amplification and is the most sensitive area to SEB. Simi-
lar measurements aimed at direct mapping of SEB events 
with the microbeam support these findings. 
We intend to continue the SEB study by mapping the 
charge collection and SEB using different ions, different 
devices, and different bias values.  
 
 
Fig. 2. The CC spectrum of IRF360 at VDS = 7 V. 
 
 
Fig. 3. Mapping of the points at VDS = 7 V with charge 
collection above the dashed line in fig.2. 
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Effect of UV-C- and ion-irradiation on PCNA and p21 foci formation  
D. Fink, J. H. Rudolph, K. Knoop, J. Topsch, B. Jakob, G. Taucher-Scholz 
GSI, Darmstadt, Germany
The cyclin-dependent kinase inhibitor p21 directly in-
teracts with PCNA (proliferating nuclear antigen) thereby 
inhibiting DNA-replication. Previously, we described that 
PCNA and p21 also form focal protein accumulations at 
sites of heavy ion-induced DNA damage [1]. The function 
of PCNA in different DNA repair pathways is well docu-
mented whereas the role of p21 is still discussed contro-
versially. To investigate the involvement of p21 in DNA 
repair, we compare the recruitment of p21 and PCNA to 
DNA lesions caused by different radiations in repair pro-
ficient fibroblasts (AG-cells) and in XPA (Xeroderma 
pigmentosum complement group A) cells. XPA-cells, due 
to their lack of functional XPA-protein, are defective in 
nucleotide-excision repair (NER), which is the main re-
pair pathway for DNA lesions caused by UV light.  
PCNA and p21 kinetics in locally UV-C light 
exposed fibroblasts 
To evaluate the recruitment kinetics for p21 and PCNA 
to UV-induced DNA-damage, we locally exposed AG- 
and XPA cells to 100 J/m2 of UV-C light using a microfil-
ter-mask to produce DNA lesions only in distinct areas of 
the nucleus [2]. Both proteins were detected separately by 
fluorescence immunostaining at various time-points after 
irradiation. 
Figure 2: Detection of local accumulation of p21 and 
PCNA in cell nuclei of NER-proficient (AG-cells) and 
deficient human fibroblasts (XPA-cells) after local UV-C 
light exposure.   
 
In the repair proficient AG cells, both proteins, PCNA 
and p21, were detectable 30 min (Fig. 1; A, C) as well as 
5 h (Fig. 1; E, G) after UV exposure. In contrast, XPA 
cells  of functional XPA protein, showed a delayed accu-
mulation of p21 and PCNA protein at the sites of DNA-
damage (Fig. 1;B,D,F,H ). In agreement with literature 
[3], we can show that the early recruitment of PCNA and 
p21 proteins to UV-induced DNA lesions is related to the 
nucleotide-excision-repair pathway.  
PCNA and p21 kinetics in fibroblasts irradi-
ated with heavy ions 
To investigate the postulated involvement of PCNA and 
p21 in the repair of ion-induced more complex DNA-
damage, we irradiated human fibroblasts with 7.4 MeV/u 
argon ions (LET: 1550 keV/µm) and analysed them at 
different time-points by indirect immunostaining.  
Figure 2: Detection of focal p21 and PCNA accumula-
tions in cell nuclei of NER-proficient (AG-cells) and de-
ficient human fibroblasts (XPA-cells) after irradiation 
with 7.4 MeV/u argon ions (LET: 1550 keV/µm). 
 
Comparable to the results achieved with UV-light, 30 
min post irradiation, both proteins were detected as dis-
tinct foci in normal human fibroblasts (AG-cells) (Fig. 2; 
A, C). In contrast to the UV-results, the NER-deficient 
XPA-cells (Fig. 2; B, D) showed distinct focal accumula-
tion of both proteins 30 min after irradiation. 6 h after the 
exposure to argon ions, the focal accumulations of PCNA 
and p21 were still visible in AG-cells (Fig. 2; E, G) and in 
XPA-cells (Fig 2; F, H).  
These results indicate a role of both proteins in NER as 
well as in an additional pathway related to the repair of 
ionizing radiation induced lesions. Further experiments 
have to be performed to specify this pathway in detail.  
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PCNA and p21 both accumulate very fast at heavy ion-induced DNA damage 
and become chromatin-associated after X-ray irradiation 
J. H. Rudolph, D. Fink, C. Wiese* and G. Taucher-Scholz 
GSI, Darmstadt, Germany; *LBNL, Berkeley, CA, USA
Previously, we have described that PCNA (proliferating 
nuclear antigen; plays a role in DNA replication and DNA 
repair) and p21 (mainly known as a cell cycle inhibitor) 
form focal accumulations at heavy ion (HI)-induced DNA 
lesions. The necessity of the functional interaction be-
tween p21 and PCNA was shown for p21 foci formation 
at HI-induced DNA lesions [1]. Furthermore, we showed 
that p21 is part of the chromatin-associated protein frac-
tion after DNA damage induction with HI [2]. Here, the 
kinetics of the PCNA and p21 accumulation at HI-
induced DNA lesions is shown to be very similar and both 
proteins are part of the chromatin-bound protein fraction 
also after DNA damage induction by X-rays.  
PCNA and p21 accumulate at HI-induced 
DNA lesions with very similar kinetics 
Human fibroblasts were irradiated with 24Cr ions (11,4 
MeV/u; 2×106 P/cm2) followed by fixation and 
immunostaining of PCNA and p21 at different time-points 
(from 5 min up to 16 h) after exposure. At the earliest 
analyzed time-point, 5 min post irradiation, both proteins 
were detected as distinct foci (Fig. 1: panel C). Five hours 
after irradiation with Cr ions, still both proteins could be 
detected at the DNA lesions (data not shown). However, 7 
h after damage induction, hardly any nucleus showed pro-
tein foci (Fig. 1 panel B). 
 
             
            A: mock irradiated                   B: 7 h post-irradiation 
 
            merge                           PCNA                           p21 
C: 5 min post irradiation 
Figure 1: Human fibroblasts nuclei, irradiated with Cr ions, 
show early focal accumulations of PCNA and p21 that have 
disappeared at 7 h post-irradiation. 
Also experiments with Ni and U ions showed a very 
similar kinetics for both proteins in foci formation after 
DNA damage induction by heavy ion irradiation.  
PCNA and p21 are part of the chromatin-
bound protein fraction after DNA damage 
induction by X-rays 
Based on their similar accumulation kinetics at the 
DNA lesions and knowing that p21 has a direct PCNA 
binding site, a possible association of these two proteins 
with the damaged DNA was investigated after X-rays. 
Subcellular chromatin-fractionation was done after expo-
sure of the cells to 30 Gy X-rays. An exemplary Western 
Blot Analysis using immunodetection against PCNA and 
p21 is shown in Fig. 2. The soluble chromatin fraction of 
mock irradiated and irradiated cells shows detectable 
PCNA and p21 signals (Fig. 2: lane 2 and 3). The chroma-
tin-bound protein fraction of the mock-irradiated cells 
does not have any PCNA nor p21 signal (Fig. 2: lane 5). 
One hour after irradiation with 30 Gy X-rays, a clearly 
detectable PCNA signal is obtained; p21 is hardly seen 
(Fig. 2: lane 6). Three hours after X-ray exposure, also 
p21 can be detected in the chromatin-bound protein frac-
tion (Fig. 2: lane 7). 
 
Lane     1      2       3       4      5       6      7 
 
Lane 
1 Molecular weight marker RPN 800 and AG lysate 
2 mock-irradiated, soluble fraction 
3 30 Gy X-ray 1 h post irradiation, soluble fraction 
4 30 Gy X-ray 3 h post irradiation, soluble fraction 
5 mock-irradiated, chromatin-bound fraction 
6 30 Gy X-ray 1 h post irradiation chromatin-bound fraction 
7 30 Gy X-ray 3 h post irradiation, chromatin-bound fraction 
Figure 2: WB analysis of subcellular chromatin-fractionation. 
 
The results show that p21 and PCNA are gathered at 
HI-induced DNA lesions with a very similar kinetics and 
that, as shown for HI [2], they form a chromatin-bound 
complex after DNA damage induction by X-rays. Studies 
to elucidate a possible involvement of p21 in repair of 
radiation induced lesions are currently being performed. 
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Transient induction of the cell cycle inhibitor CDKN1A but no DNA double-
strand breaks in bystander cells after targeted exposure to heavy ions.*  
 
P. Barberet2, C. Fournier1, G. Becker1, B.E. Fischer2, M. Heiß2, F. Knauf1, T. Pouthier1,  
Y. Schweinfurth1, G. Taucher-Scholz1 
1GSI Biophysics and 2GSI Material Research, Germany 
 
Biological effects in unirradiated cells located near to 
irradiated cells are called bystander effects. Targeted 
irradiation of single cells by means of the heavy ion 
microprobe developed at GSI [1] was used to improve our 
understanding of these effects on a molecular and cellular 
basis. The protein of our interest was the cyclin-
dependent kinase inhibitor CDKN1A (p21). Based on 
previous results obtained by broadbeam irradiation, we 
investigated the spatial distribution of the induction of 
p21 protein on the level of single bystander cells. We 
targeted single cells (3%) of a confluent monolayer of 
normal human fibroblasts (AG1522C) with 5 particles of 
carbon ions in 2 crossed lines per nucleus. Three hours 
after exposure we performed immunofluorescence (IF) 
staining for CDKN1A and 53BP1 protein. 53BP protein is 
recruited to sites of DNA damage immediately after 
irradiation by forming foci and is used to identify the 
targeted cells unambiguously (see figure 1a: the irradiated 
cell indicated with an arrow and enlarged in the box). 
 
 
 
 
 
 
 
Fig. 1: Radial distribution of the expression of CDKN1A 
after targeted microbeam-irradiation of single cells 
(arrow) with carbon ions. (a) IF staining (merged) for 
CDKN1A (whole nucleus) and 53BP1 (foci). (b)  Mean 
CDKN1A IF intensities according to the radial distance of 
up to 200 µm are shown.  
 
The IF-intensities of CDKN1A protein per cell nucleus 
were quantified by means of software packages [2]. The 
distribution of the mean intensities according to the radial 
distance to the targeted cell were evaluated. The results 
are shown in figure 1b. Up to the radial distance of 200 
µm the CDKN1A protein amount per nucleus revealed no 
clusters of cells bearing an increased CDKN1A protein 
level and the distribution of the intracellular levels of 
CDKN1A protein was very heterogeneous.  
To see whether the overall enhancement of CDKN1A in 
broadbeam experiments [2] is also observed under 
microbeam conditions, the cells were irradiated in 
especially constructed divided radiation chambers [3] to 
separate control and bystander cells but allowing to 
minimize variations in IF staining. The mean value per 
cell nucleus comparing the overall CDKN1A levels of 
control and bystander cells showed a slight induction in 
bystander cells comparable to the broadbeam experiments 
[3]. As shown in figure 2, the distribution of the values 
for the individual cells revealed as well differences 
between the control and the bystander cells. The 
individual cells are grouped in bins by their intensity of IF 
staining. The mean value of the control population is 
indicated by vertical dashed-dotted lines. Among the 
bystander cells, approximately 80 % of the cells show a 
CDKN1A protein amount comparable to most of the 
control cells (below or at the mean value ±1 SD), whereas 
approximately 20 % of the cells have an elevated level. 
The observed overall enhancement of the CDKN1A level 
can be attributed to this subpopulation of bystander cells, 
but we could show that these cells are not necessarily 
located in the direct neighbourhood of the targeted cells.  
Fig. 2: Intensity distribution of the expression of 
CDKN1A, 3h after targeted microbeam-irradiation with 
carbon ions in a divided chamber. One representative data 
set of control mock-irradiated cells (a) or bystander plus 
irradiated cells (b) are shown. The mean value for the 
control population ±1 SD is indicated by vertical dashed-
dotted lines [2]. 
 
In addition, we investigated DNA damage as a potential 
basis for the CDKN1A induction in bystander cells. First 
results on the formation of γ-H2AX foci (indicating DNA 
double strand-breaks) after irradiation did not show 
significant differences between bystander and control 
cells. This is consistent with our observation that the 
formation of micronuclei, being an indicator of 
chromosomal damage is not enhanced in bystander cells 
[4]. Taken together our data presented here suggest a 
CDKN1A induction that seems not to be triggered by the 
occurrence of DNA damage in bystander cells. As 
reported previously, the CDKN1A induction is transient 
and causes a temporary cell cycle delay but has no impact 
on the cellular differentiation pattern during the following 
days [2].  
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Fast recruitment of DNA-PKcs at DNA double-strand breaks 
B. Jakob1, J.Splinter1, Y. Schweinfurth1, G. Becker1, D. Chen2, and G. Taucher-Scholz1 
1GSI, Darmstadt, Germany;  2University of Texas Southwest Medical Center, Dallas, TX 75390-9187, U.S.A.
Introduction 
DNA damage and in particular double-strand breaks 
(DSBs) pose a major threat to the preservation of genome 
integrity. Mammalian cells have developed efficient DNA 
repair mechanisms in response to DNA damage. In the 
non-homologous end-joining (NHEJ), one major pathway 
of DSB-repair, the DNA-dependent protein kinase (DNA-
PK) is supposed to participate in the early stages of DNA 
end detection and processing. The DNA-PK comprises 
the Ku subunits (Ku70 and Ku80) and the catalytic sub-
unit DNAPKcs. The aim of this study was to visualize and 
analyse the recruitment of DNAPKcs to ionizing radiation 
induced DNA DSBs. 
Results and Discussion 
To measure the DNA-PKcs recruitment in vivo, we took 
advantage of the extremely localized dose deposition of 
charged particle beams. The application of this focal type 
of irradiation generates discrete sites of subnuclear dam-
age including DSBs, as shown by the terminal transferase 
assay (Fig1). 
 
Figure 1: Human AG1522 fibroblast nucleus after irradia-
tion with 4.1.MeV/u Bi ions. Bright spots arise from the 
addition of fluorescent-labelled deoxy-uridines at sites of 
DSBs by terminal transferase. 
By upgrading and optimizing our remote controlled mi-
croscope [1] at the low energy beamline, after irradiation 
with low energy heavy ions it was possible to observe the 
development of irradiation induced protein accumulations 
in living V3 hamster cells expressing DNAPKcs-YFP pro-
tein (Fig.2). The site of occurrence of these foci could be 
correlated to sites of ion traversals (data not shown) by 
the technique described in [1]. 
Using the fast acquisition mode (30 Hz) of the new 
Hamamatsu C7190-53 EBCCD, irradiation in a single 
macropulse and acquisition triggering, it was possible to 
resolve the fast recruitment kinetic of DNAPKcs to ion 
induced DSBs (Fig.3). Data analysis and application of a 
first order binding model revealed a recruitment time of 
about 12s for the initial phase (Fig.3 left). Protein accu-
mulation started to become visible only 1 to 2 s after ion 
impact (Fig.3 left insert). 
 
Figure 2: Living nuclei of V3 hamster cells expressing a 
chimeric DNAPKcs-YFP construct, before (left) and after 
(right) irradiation with 4.1 MeV/u Pb ions at the beamline 
microscope [1]. Foci formed at the sites of ion traversals 
indicate recruitment of DNAPKcs to DSBs. 
The observed kinetic behaviour thus confirms the re-
cruitment times measured in earlier experiments using 
uranium ions (t = 12.8s) or UV laser irradiation [2]. 
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Figure 3: Recruitment kinetic of DNAPKCS-YFP in V3 
cells after irradiation with Pb. Left: Initial fast phase 
showing a recruitment time constant of 12s. Insert: In-
creased signal is already detectable about 1s after irradia-
tion. Right: Longer measurements show a subsequent 
slower rise up to the saturation level (t about 28 s, for 
comparison, the fit of the fast phase is included) 
For the first time, it was possible to observe the re-
cruitment of DNAPK to ionizing radiation induced le-
sions in living cells. The quick accumulation and the lack 
of a lag phase implicate DNAPKcs as one of the fastest 
responding proteins after ionizing radiation. The results 
indicate a role in the early stages of DSB repair. 
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The formation of metastasis is one thread in clinical
therapy of solid tumors and is directly linked to the
migratory potential of the tumor cells. The expression of
integrins and their activation through phosphorylation on 
the other hand play a major role in cell invasion and
migration [1]. Most studies on tumor cell motility and 
migration are focused on their inhibition and only a few
are concerned with the promotion of cell migration
through standard clinical therapy. The possible side
effects of radiotherapy as one possible way of curing 
malignant disease in clinical oncology are not well 
understood. After sublethal irradiation Wild-Bode et al.
[2] for example, showed an enhanced migration of glioma
cells and Abdollahi et al. [3] showed an upregulation of
activated beta-3 integrin after irradiation of glioma cells.
The informations that are currently available about the
effects of particle irradiation on tumor cell migration are
very scarce (Ogata et al. [4]), and the effect of integrin
expression after heavy ion treatment has not yet been
investigated.
Recent results in our group indicate that pro- and anti-
migratory effects depend on the microenvironment of the
cells and the type of radiation. We are therefore interested
in the connection between cell migration, integrin
expression and irradiation.
To quantify the migration of U87 human glioblastoma
cells, a standardized Boyden chamber assay 24 h after 
irradiation was performed. The cells were treated with
10 Gy in monolayer culture under well-defined conditions
using conventional (250kV X-ray) or 12C particle
radiation (Mid of 1cm SOBP). In parallel to the migration
assay, cell lysates were prepared from untreated and
irradiated cells to study the expression of activated 
phosphorylated beta-3 integrin in a western blot.
The effect of irradiation on tumor cell migration is
shown in table 1 and depends on the type of radiation. . 
Table 1: Relative cell migration of U87 cells 24h after 
irradiation with X-rays or heavy ions (12C). (Control =
100%).
X-ray 12C
0 Gy 100% 100 %
10 Gy 123% 5%
24 h after X-ray treatment U87 cells showed an en-
hanced migration of 23% compared to untreated cells. 
Irradiation with heavy ions inhibited the cell migration
almost completely to 5% of the control level, reproduci-
bly.
Western blotting of phosphobeta-3 integrin showed an
upregulated expression of this protein in U87 cells in both
types of tested irradiation (Figure 1). 
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Figure 1: Relative expression level of pbeta-3 integrin
24h after irradiation with X-rays (n = 2) or heavy ions
(12C; n = 2).
After conventional irradiation the relative expression of 
activated beta-3 integrin increased to 153% compared to 
untreated cells. Particle irradiation increased the expres-
sion level even more to 176% compared to control cells.
These results indicate the absence of a correlation be-
tween the migration of U87 cells and the activation level
of beta-3 integrins. Both tested radiation types increase
the amount of phosphorylated beta-3 integrin although 
they have opposing effects on cell migration. Therefore
the radiation induced cell migration of U87 cells might be 
dependent on other integrins, e.g. beta-1 integrin.
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Introduction 
Knowledge of the molecular pathways involved in cell 
death in normal and tumour cells after exposure to accel-
erated ions could contribute to an improved prognosis of 
patients with malignant resistant tumours. 
We have previously reported on a clear LET depend-
ence for clonogenic cell survival for the human melanoma 
cell line AA after boron ion exposures [1, 2]. Also, the 
human glioma cell line M059K, proficient in DNA-PKcs 
but mutated in TP53, are more sensitive to high LET ni-
trogen ions than low LET γ-rays. The M059J cell line, 
deficient in both DNA-PKcs and TP53, does not show any 
difference in survival after low and high LET radiation 
exposure [3]. For the apoptotic responses the picture is 
more complex and seems to be dependent on the gene 
status and also the cell cycle progression in a time de-
pendent manner [2, 4, 5]. In addition, there is evidence for 
caspase-independence after high LET nitrogen ion irra-
diation [5] but the AIF and the ceramide/SMase pathways 
are instead involved (data to be published). 
Here we report on clonogenic cell survival for two dif-
ferent human cell lines. These survival data are important 
as a basis to assess other endpoints, i.e. apoptosis, necro-
sis, autophagy, senescence, cell cycle responses as well as 
molecular responses (TP53, ceramide and AIF), at com-
parable doses or survival levels. 
Materials and methods 
Human tumour cells, the melanoma cell line AA with 
wild type (wt) TP53, and the small cell lung cancer cell 
line (SCLC) U-1690 with a TP53 point-mutation, were 
used. Cells in monolayers were exposed to 12C-ions (11.4 
MeV/u or 200 MeV/u, corresponding to LET of 170 and 
30 eV/nm, respectively). As reference low LET radiation 
X-rays were used. 
Results and conclusion 
The survival data presented in figure 1 show dose and 
LET dependence for both cell lines studied. The SF2 val-
ues for the AA cells were 0.400, for X-rays, and 0.265 
and 0.092 for carbon ions at 30 and 170 eV/nm, respec-
tively. For the U-1690 cells the SF2 values were 0.538, 
0.308 and 0.081 for X-rays and 12C-ions at 30 and 170 
eV/nm, respectively. The calculated RBE values at differ-
ent survival levels are shown in table 1. 
These preliminary results show that irradiation with 
carbon ions results in important clonogenic cell death in 
both a dose and a LET dependent manner. The type of 
cell death and the molecular pathways involved have now 
to be investigated and compared for the different cell lines 
at different LET. Also, additional human normal (non-
tumour) cells will be investigated. 
Figure 1: Survival fraction as a function of single ab-
sorbed doses of carbon ions and X-rays. 
 
 SF RBE 
U-1690 
RBE 
AA 
SIS (~30 eV/nm) 0.1 1.6 1.4 
 0.2 1.6 1.4 
 0.5 1.8 1.3 
UNILAC (~170 eV/nm) 0.1 3.0 2.1 
 0.2 3.3 2.3 
 0.5 4.0 2.8 
Table 1. RBE values at different survival levels. 
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Introduction 
In the present study, we investigated the delayed radia-
tion-induced apoptosis in long-term lymphocyte cultures. 
The purpose of this study was to compare the efficiency 
of high LET carbon ions and low LET X-rays. 
Material and Methods 
The radiation-induced apoptosis was studied in descen-
dants of cells from two healthy donors irradiated with 3 
different doses of 100 MeV/u carbon ions or 250 kV X-
rays. Lymphocytes were taken from the bulk cultures at 
different sampling times up to 41 days. Cells were stained 
with 2 μg/ml Hoechst 33342 and 10 μg/ml acridine or-
ange. Apoptotic cells were identified by the typical mor-
phological changes of their nucleus. 500 cells were ana-
lysed. These results were verified by TUNEL assay (data 
not shown). 
Results 
Figure 1 shows the relative percentage of apoptotic cells 
for both donors and both radiation qualities. The sponta-
neous apoptotic rate was constant in donor 2 (median = 
24%). In donor 1 the initial rate of about 12% increased 
then to a similar level (median = 28%). The X-ray-
induced apoptosis displayed a maximum on day 22 in 
both donors. After exposure to 100 MeV/u carbon ions, 
this maximum occurred later, on day 29. The delayed 
apoptotic response showed no clear dependence upon 
radiation dose, culture time, and radiation quality. The 
high spontaneous apoptotic rate persisting and even in-
creasing in long-term lymphocyte cultures (as seen for 
our donors) makes this system quite unsuitable for the 
study of delayed apoptosis after irradiation with low 
doses. At higher doses, where significant radiation-
induced apoptotic rates are induced, the system might 
offer a possibility to compare the effects of different ra-
diation qualities.   
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Fig.1 Relative proportions of apoptotic cells in unirradiated control cells (  ) and in cells irradiated with different 
doses of 250 kV X-rays (1Gy (  ), 2 Gy (  ) and 4 Gy (  )) or with different doses of 100 MeV/u carbon ions (0.25 (  ), 0.5 
Gy (  ) and 2 Gy (  )) are shown for donor 1 (A and C) and for donor 2 (B and D) for X-rays and ions, respectively. At 
least 500 cells were analysed in each sample. Vertical error bars represent standard deviations. (*) apoptotic rate in irra-
diated cells is significantly different from control rate (α = 0.05) as tested by Dunnett´s t-test. 
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Introduction
Ionizing radiation produces a plethora of lesions in DNA
including strand breaks (single or double) and alteration
to bases. Double-strand breaks (DSBs) leading to DNA
fragmentation are considered to be the most critical lesions
resulting in cell killing, cancerogenesis or mutations [1]
High-LET radiation produces more complex and localized
damage than X-rays due to induction of spatially corre-
lated DSBs (clusters). As we previously have shown [2],
Atomic Force Microscopy (AFM) gave an opportunity to
direct visualize DNA molecules and therefore to image in-
duced DSBs in irradiated plasmid DNA solutions. Within
this method induced DNA fragments can be measured and
the fragments length distributions can be derived. Parallel
to the experimental work, a model was developed, origi-
nally based on the framework of Local Effect Model [3],
to calculate the formation of spatially correlated DSBs in
plasmid DNA.
Distributions of fragment lengths –
comparison of AFM and the model
To induce DSBs, plasmid supercoiled DNA (ΦX174)
was irradiated in moderate radio-protective buffer (20 mM
Hepes, pH 7.4). Solutions of DNA were irradiated with
X-rays (low-LET radiation) or with 3.9 MeV/u Ni ions.
Irradiated samples were scanned with AFM. Using estab-
lished differentiation criteria for AFM, molecules with dif-
ferent conformation forms (supercoiled, relaxed and linear)
were identified in recorded images [4]. Lengths of linear
fragments produced by the radiation were measured. The
recorded lengths allow to distinguish between molecules
damaged by a single DSB (full plasmid length) or by mul-
tiple DSBs (several shorter fragments). Measured lengths
were plotted as normalized histograms for different doses
and radiation qualities.
Fig. 1 presents exemplary distributions of fragment lengths
produced inΦX174 irradiated with X-rays or Ni ions as de-
rived from the AFM analysis. Fragmentation profiles show
the dependence on the radiation quality. Irradiation with
370 Gy of X-rays produces fragments with full plasmid
length whereas the same dose of ions induce fragments in
the whole length range accessible to the AFM imaging. As
expected the differences decrease for a high radiation dose
– nevertheless the shift toward short fragments in more
steeper in case of Ni ions.
In addition to the experimental approach, a semi-empirical
model based on the pattern of local energy deposition,
was used to calculate fragment length distributions. The
model was adapted to experimental conditions taking into
account constraints of AFM imaging and image process-
ing (described elsewhere [5]). The comparison of calcu-
lated distribution to experimental data is shown on Fig. 1.
Qualitatively, both distributions are in agreement. In case
Figure 1: Distributions of fragment lengths induced by
X-rays (A, B) or Ni ions (C, D) in supercoiled plasmid
DNA (ΦX174) – comparison of the experimental AFM
data (bars) to the model calculations (stepline).
of X-rays there is more fragments produced than predicted
by the model. It can be partially explained by the fact that
during the irradiation some additional lesions are induced
that are transformed into further DSBs detected. On the
other hand, for ions AFM analysis revealed less amount of
shortest fragments (l < 250 nm) partially due to limitations
in length detection.
Based on the model, differential effects of X-rays and ions
rely only on differences in the distribution of deposited en-
ergy. Therefore, in case of particle radiation, the agreement
observed between fragment length distributions and model
calculations provides direct evidence for clustered DSBs
on simple DNA molecules due to the inhomogeneous dose
distribution based on particle track structure.
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Investigation of DNA damages induced by heavy 
ions is of great interest for a better understanding of the 
processes which appear in clinical radiotherapy and are 
responsible for the destruction of the cancer cells. The 
most serious damages of DNA molecules are double-
strand breaks (DSB), i.e. the rupture of both DNA strands 
in the range of a few base pairs and single-strand breaks 
(SSB), when one of the DNA strands is broken [1]. In 
particular, DSBs lower effectively the cell repair rate and 
leads often to cell death. Thus, heavy ion irradiation of 
tumour cells has been used very successful in cancer ther-
apy. However, a detailed understanding of the processes 
which occur on the molecular level, leading to this effec-
tive cell death, is still lacking. Conventional methods, e.g. 
gel-electrophoresis measurements, are suitable to analyse 
the percentage of supercoiled and relaxed molecules and 
also linear DNA fragments, but it can not provide detailed 
information about the fragment distribution [2]. The latter 
can be achieved by scanning force microscopy (SFM) 
which permits direct visualisation and measurement of 
individual DNA fragments with an accuracy of a few na-
nometers. 
In this contribution we present a SFM analysis of 
radiation-induced damages in ФX174 plasmids in 20 mM 
Hepes solution after X-ray and C12 ion irradiation at a 
dose of 500 Gy. For sample preparation, 3μl plasmid so-
lution in 10 mM MgCl2 [3] has been deposited on mica 
substrates and rested in air for 3 minutes. Subsequently, 
the substrates were washed with 400 μl double distilled 
water and dried with nitrogen. Nine samples have been 
prepared for each irradiated solution and around 10 im-
ages were recorded for each sample. The samples have 
been imaged in air with tapping mode using a CP-R mi-
croscope from Veeco Instruments. All images were re-
corded with a scan area of 3 μm x 3 μm and a resolution 
of 512 pixels x 512 pixels. The length of the fragments 
has been analysed using ImageJ software. 
 
 
a) 
 
b) 
Figure 1 SFM images of plasmids after irradiation with 
X-rays (a) and C12 ions (b); D = 500 Gy 
Figure 1 depicts SFM images of ФX174 plasmids 
after irradiation with X-rays (Fig 1a) and C12 ions (Fig. 
1b). In both images a clear length distribution of the 
molecules can be seen. However, after irradiation with 
C12 ions a significant higher amount of small fragments 
were observed accompanied by a reduction of larger ones, 
compared to X-ray irradiation. 
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Figure 2 Fragment distributions after irradiation with X-
rays and C12 ions at 500 Gy. 
 
In order to obtain a fragment distribution after irradiation, 
170 images have been analysed in detail and the results 
are presented in Fig. 2. The histograms show clearly a 
higher amount of small fragments (around 45% of the 
initial number) in the range from 50 nm to 700 nm after 
irradiation with C12 ions compared to X-ray irradiation, 
where only 13% are in the same length scale. Further-
more, C12 ions generate very small fragments with lengths 
below 50 nm, supposed to be due to the highly localized 
energy deposition. Interestingly, the fragment distribution 
after irradiation with C12 ions shows a bimodal distribu-
tion with peaks centred at 300 nm and 1400 nm. The ori-
gin of this distribution is still under investigation. In con-
clusion, the analysis presented in this contribution dem-
onstrates the effectiveness of heavy ion irradiation and 
supports the theoretical concept of track structure for 
heavy ions which are supposed to be responsible for the 
efficiency of heavy ions in cancer therapy. 
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It has been known for several years that high-LET-
induced DSBs are generally more slowly repaired than 
breaks induced by photon irradiation. Moreover, the level 
of residual DSBs after prolonged repair incubation 
appears to correlate with the cell killing capacity of a 
given radiation quality over a substantial LET range.  
One potential explanation for the slower repair after 
high-LET radiation relates to the spatial distribution of 
DSBs along ion tracks. In previous studies performed at 
the GSI using ion irradiation, we have investigated the 
cellular capacity to rejoin DSBs within fragments of 
different size. The results suggest that the proximity of 
neighboring DSBs does not significantly affect the repair 
process. Interestingly, for all size ranges analysed, high-
LET radiation-induced fragments are removed more 
slowly than X-ray induced fragments of the 
corresponding size range [1]. This led us to the second 
potential explanation for the compromised DSB repair 
kinetics of high-LET radiations. Owing to the high 
ionisation density of high-LET particles, it is possible that 
DSBs are generally more complex with additional lesions 
in very close proximity to the DSB. These breaks require 
processing before repair. This “complexity idea” would 
suggest that DSBs are, on average, more complex for 
radiation qualities that show a high level of un-rejoined 
DSBs and a high cell killing effectiveness.  
Recently, we have reported that ATM- and Artemis-
deficient human fibroblasts show a similar, small repair 
defect after irradiation with X-rays or γ-rays that persists 
for many days [2, 3] (Fig.1A). We further demonstrated 
that ATM and Artemis operate in the same repair process. 
ATM- and Artemis-deficient cells are specifically 
defective in the repair of DSBs repaired with slow 
kinetics in repair-proficient cells. Interestingly, the 
fraction of breaks repaired depends upon the complexity 
of the DSB ends. This latter point is supported by the 
observation that a higher proportion of the DSBs induced 
by α-particles is repaired in a manner dependent upon 
ATM and Artemis (Fig.1B). Moreover, the process is 
dispensable for the repair of “clean” DSBs generated by 
etoposide, an inhibitor of topoisomerase II (Fig.1C). From 
this data we propose that Artemis, a nuclease, functions to 
process a fraction of non-ligatable DNA ends 
(approximately 10 % of the DSBs) prior to rejoining.  
It is tempting to speculate that the DSBs requiring ATM 
and Artemis processing also determine the level of high-
LET-induced cell killing. Therefore, we measure the LET-
dependence of the proportion (and absolute yield) of 
those DSBs that require ATM and Artemis after various 
radiation qualities. Stationary G0-phase primary human 
fibroblasts are irradiated with different ions or X-rays. 
After specific repair times the cells are subjected to 
pulsed-field gel electrophoresis. First results from the 
irradiation of hTert-immortalised human wild type (WT) 
and Artemis fibroblasts with 134Xe- and 54Cr-ions or 95kV 
X-rays suggest that the proportion of unrepaired, 
ATM/Artemis-dependent DSBs correlates with the LET 
of the radiation used (data not shown). Based on these 
preliminary data we will now extend the studies and use a 
variety of ions with different LET to quantify the 
proportion of complex breaks. In addition, γH2AX 
analysis will be used to investigate the repair of individual 
DSBs after low doses.  
Figure 1: γH2AX analysis in WT, AT and Artemis cells 
after A) 2 Gy X-irradiation, B) 2 Gy α-particles or C) 20 
μM etoposide (modified from [3]). 
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The induction of double strand breaks (DBSs) is con-
sidered to a severe radiation-induced damage. The inves-
tigation of fragment distributions of plasmid DNA after 
heavy ion irradiation can give insight into the higher 
fragmentation due to localized energy deposition around 
ion tracks. In recent years AFM pictures of fragmented 
supercoiled plasmid DNA were taken and analyzed. In 
this report, we introduce a numerical model based on the 
Local Effect Model (1) which predicts the experimental 
results under consideration of certain constraints of the 
detection procedure. 
Theoretical Model 
Heavy ion irradiation can induce DSBs in the DNA 
molecule which leads to a certain fragment distribution.  
In general it can be expressed by 
 ),(),()(
0
∑∞
=
=
m
DSBD nmpmlflF ,        (1)    
where p(m, DSBn ) is the probability of m DSBs provided 
an average number of DSBn  DSBs, f(l,m) is the condi-
tional probability of finding a fragment of length l after m 
DSBs and D denotes the dose. In general, Eq. (1) holds 
for initially supercoiled and linear molecules, whereas in 
the following we will restrict ourselves to the description 
of supercoiled molecules. We use the Local Effect Model 
to calculate the average number of DSBs according to the 
corresponding yield after photon irradiation and apply Eq. 
(1). The results for an irradiation of supercoiled ΦX174 
DNA (total length of 5386 bp) with 3, 300, 3000 and 
30000 Gy of 4 MeV/u nickel ions (LET=3950 keV/μm) 
(corresponding to 0.006, 0.6, 6, and 60 hits per molecule, 
repectively) are depicted in Fig. 1a). In general, the fre-
quency of finding short fragments increases with dose. 
For doses up to 3000 Gy, the peak at full plasmid length 
also increases due to the production of full size linear 
plasmids from the supercoiled conformation. For the large 
energy deposition of 30000 Gy, all initially supercoiled 
molecules were hit more than once on average and the 
proportion of plasmids with the full length decreases.  
Experimental constraints  
For a reasonable comparison of theoretical results with 
experimental data we need to carefully analyze the con-
straints imposed by the limitations of the AFM measure-
ment and the subsequent analysis. We need to consider 
the restricted image resolution which sets a lower detec-
tion limit. The binning of data has to be taken into ac-
count as well as the blurring of the full length plasmids 
due to the length measurement procedure. Additionally, 
only relative values of the different fragment lengths can 
be determined requiring a normalization according to the 
number of detected fragments. In Fig. 1b), the same 
fragment distributions as in Fig. 1a) are depicted includ-
ing experimental constraints. Due to the lower detection 
limit a large proportion of small fragments is not re-
solved. In combination with the adapted normalization, 
the differences of the fragment distributions strongly de-
crease. 
Conclusion 
We have developed a theoretical model to predict the 
fragment distribution of linear and supercoiled DNA 
molecules after heavy ion irradiation taking into account 
the limitations imposed by the experimental detection 
procedure. A comparison with experiments is shown in 
(2). Additionally, it is a useful tool to find the best ion 
species to reveal the impact of localized dose deposition 
of heavy ion tracks on the fragment distributions.    
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Recently there has been considerable interest in identi-
fying cytogenetic biomarkers of radiation exposure that 
allow both to estimate the dose to which an individual has 
been exposed and to determine, whether the initial expo-
sure was to low or high LET radiation [1, 2, 3]. Taking 
proximity effects into account it has been hypothesized 
that high LET exposure will enhance the yields of intra-
arm relative to inter-arm intrachanges and intrachanges 
relative to inter-chromosomal aberrations. However, pub-
lished data are controversial. 
To contribute to this issue, we reanalysed 30 data sets 
generated at GSI (Darmstadt) for human lymphocytes as 
well as for Chinese hamster cells (V79, CHO-K1, xrs5). 
In the experiments cells were exposed in G1-phase to 
heavy ions (C, Ne, Ar, Kr, Fe and Au ions) covering an 
LET range of 13 to 4000 keV/μm. For comparison, X-ray 
experiments were performed. More than 80000 first gen-
eration metaphases were scored on slides stained with the 
fluorescence-plus-Giemsa technique. For further details 
see [4, 5]. In addition, in a pilot study, the cytogenetic 
response of human lymphocytes to 9.5 MeV/u C ions 
(LET: 175 keV/μm) was investigated by multiplex fluo-
rescence in situ hybridisation (mFISH) allowing the de-
tection of aberrations derived from multiple breakage 
(complex aberrations). 
Originally, as a potential fingerprint of high LET expo-
sure, the ratio of the yield of dicentrics to centric rings, 
termed the F-value, has been proposed. However, as 
shown in figure 1, in human lymphocytes values of about 
10 were found for all radiation qualities. Similarly, when 
the data sets for Chinese hamster cells were analysed 
(figure 2), no LET dependence of the F-value was appar-
ent. Interestingly, for hamster cells the F-ratios were 
lower and the inter-experimental variations were larger 
than for human lymphocytes. 
More recently further yield ratios have been suggested 
as possible candidates, namely the ratio of interstitial de-
letions to dicentrics (H-value), of interstitial deletions to 
centric rings (G-value) or of excess acentrics to dicentrics 
[1]. Analysis of our data sets revealed a weak dependence 
of the H- and the G-ratio on LET. In contrast, the ratio of 
excess acentrics to dicentrics was stable for LET values to 
300 keV/μm. Thereafter, in the LET range of 300 to 4000 
keV/μm the ratio increased by a factor of about 4. 
Analysis of aberrations by means of the mFISH tech-
nique revealed a clearer picture. We found a significant 
difference in the ratio of complex to simple exchanges 
after X-ray compared to C ion exposure (LET: 175 
keV/μm), i.e. 0.27 ± 0.06 and 2.16 ± 0.21, respectively    
(t = 8.6, p ≤ 0.01). 
 
Fig. 1: F-ratios (yield of dicentrics/yield of centric 
rings) generated for human lymphocytes (present study 
and data from Bauchinger et al. [1]). Aberrations were 
measured in first cycle metaphases following Giemsa-
staining. Standard errors are indicated by vertical bars. 
 
 
Fig. 2: F-ratios generated for 3 Chinese hamster cell 
lines. For details see figure caption 1. 
 
In summary, our study shows that aberration ratios de-
rived from solid stained metaphases do not represent 
practical biomarkers of high LET radiation. However, 
promising results have been obtained by means of 
mFISH. 
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Human telomerase is a specialized reverse transcriptase 
(hTERT) carrying its own RNA component (hTERC).  
This enables the enzyme to extend the leading strand of 
the long terminal telomere hexamer repeat sequences 
(TTAGGG) found on each chromosome. The telomeres 
are important for genomic stability by forming stable 
structures capping the end of the chromosomes. With few 
exceptions, adult normal-tissue cells express little or no 
telomerase, and shortening of the telomeres with each 
round of replication eventually leads to senescence. By 
contrast, telomerase is frequently found to be upregulated 
in cancer cells thus contributing to immortalization. 
Normal lymphocytes express a low but measurable te-
lomerase activity that is substantially increased by mito-
genic stimulation with phytohemagglutinin (PHA). Radia-
tion-induced upregulation of telomerase activity has been 
found in hematopoietic cell lines where it may facilitate 
DNA repair or contribute to genomic stability [1-3]. Re-
cently, we demonstrated that radiation-induced upregula-
tion of telomerase activity also occurs in human PBMC 
stimulated with PHA prior to irradiation in vitro [4].  
Further experiments were performed to test whether te-
lomerase can be induced in unstimulated PBMC. Figure 1 
shows the telomerase activity in PBMC from three young, 
healthy donors without treatment, 24 hours after irradia-
tion with 6 MV X rays in vitro and in unirradiated PBMC 
stimulated with PHA, respectively. The telomerase activ-
ity determined by a TRAP real-time PCR assay [4] was 
low compared with immortal lymphoblastoid cells (TK6 
cell line). However, irradiation with a dose of 7 Gy in-
creased the telomerase activity more than three-fold. By 
comparison, treatment with PHA for 72 hours resulted in 
approximately 40% of the activity of TK6 cells. 
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Figure 1: Increase in telomerase activity (TA) after irra-
diation or PHA stimulation of PBMC in vitro. 
These data supported a physiological role of telomerase 
in the cellular radiation response, e.g. in the formation or 
modulation of chromosome aberrations. Therefore, we 
tested if enhanced telomerase activity could be detected in 
PBMC isolated from patients undergoing radiotherapy for 
prostate cancer. The data in Figure 2 showed no en-
hancement of telomerase activity in PBMC from irradi-
ated patients (median dose: 53 Gy) although the activity 
in unirradiated, age-matched donors was apparently 
higher than for the young healthy donors in Figure 1. By 
contrast, stimulation of telomerase activity by PHA 
seemed to be reduced in PBMC from irradiated patients. 
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Figure 2: Telomerase activity in PBMC from 22 prostate 
patients after doses of 24-72 Gy of fractionated radiother-
apy compared with 16 unirradiated control donors. Mean 
values and s.e.m. for PBMC without stimulation and after 
72 hours stimuation with PHA are shown. 
 
Possible causes for the apparent difference between the 
results after in vitro and in vivo irradiation are currently 
being studied. Furthermore, experiments to compare te-
lomerase activity after heavy ion and X-irradiation are in 
progress. 
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Introduction 
Telomeres are the physical ends of the linear eukaryotic 
chromosomes. Telomere erosion during DNA replication 
is considered to be the main cause of the onset of replica-
tive senescence, an irreversible cell cycle arrest at the end 
of the lifespan of normal cells (1). With the help of a 
number of proteins, including the telomere repeat-binding 
factor 2 (TRF2), the telomeres form loop structures (T-
loop) thereby avoiding being recognized as DNA strand 
breaks and preventing end-to-end telomere fusion (2). The 
latter is considered as a sign of genetic instability and 
demonstrates the crucial role of telomeres in preventing 
genetic instability.  
Telomere fusion can lead to dicentric chromosomes 
without fragments. Several months after exposure to X-
rays, a large amount of cells with dicentric chromosomes 
were detected in the progeny of irradiated fibroblasts dur-
ing our longterm experiments. In other cells, replicative 
senescence was observed (3). This is in line with pub-
lished data, reporting that both replicative senescence and 
genetic instability can also be induced by others than cell-
intrinsic factors, among them external factors causing 
DNA damage (1). In our study presented here we were 
interested whether telomere shortening is detectable in the 
progeny of irradiated fibroblasts and, if so, whether the 
observed shortening is a basis for the occurrence of repli-
cative senescence and genetic instability.  
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Figure 1: Integrated  intensity of  telomere signals per 
nucleus. Each data point is a mean of the values obtained 
at 24h, 48h and 72h after exposure to X-rays. 
Materials and methods 
Human fibroblasts (AG1522C) were exposed to single 
and fractionated doses of X-ray. Chromosomal aberra-
tions were analysed in metaphase cells after solid staining 
(Giemsa). For the assessment of telomere length, fluores-
cence in situ hybridization, 3D image acquisition, decon-
volution microscopy and image processing, as well as 
immunofluorescence staining for TRF2 protein were per-
formed as described elsewhere (4).  
Results and discussion 
The telomere length was investigated by measuring the 
integrated intensity of the telomere signals per nucleus, 
that is proportional to the total amount of telomeric DNA 
and therefore to a mean telomere length of a given cell. 
As shown in figure 1, X-ray causes telomere shortening at 
in the progeny of the exposed cells. Remarkably, the val-
ues for a single and a multiple (8x) dose of 2 Gy are not 
significantly different. First preliminary results suggest 
that the shortening is detectable at later pasages up to 
months after irradiation (not shown). The differences in 
telomere length are small but significant. Besides loss of 
telomeric DNA, X-ray could also result in dysfunctional 
telomeres due to loss or modification of telomere specific 
proteins. In this respect TRF2 seems to play a particularly 
important role. To test whether TRF2 is altered upon X-
ray we now aim to study TRF2 in more detail. The proto-
col for the TRF2 detection by immunofluorescence has 
already been established (see figure 2). 
 
 
Figure 2: Immunofluorescence staining of TRF2 foci in 
fibroblast nuclei. 
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Introduction 
Former experiments have shown an increase in number of 
unstable chromosomal aberrations in normal human fi-
broblast strains with ongoing culturing time of the popu-
lations [1, 2]. These de novo formed unstable aberrations 
are an indicator of genomic instability which is consid-
ered to be one important step towards carcinogenesis. In 
the same experiments we observed the accumulation of 
stable aberrations during culturing time, in some cases as 
clonal aberrations in normal human fibroblasts [2]. We 
intend to assess whether both effects are interrelated, es-
pecially because stable aberrations and their clonal ampli-
fications are reported to be involved in the formation of 
tumors, especially soft tissue sarcomas [3].  
Materials and Methods 
Four fibroblast cell lines originating from three different 
tissues were cultured up to 7 months until they reached 
replicative senescence (AG1521A, AG1522C/D, NHDF, 
IMR-90). The cells were subcultured every 2 weeks and 
chromosome samples were prepared. Unstable aberrations 
such as dicentrics, rings or breaks were scored regularly 
after solid Giemsa staining (100 metaphases per time 
point). At representative time points stable aberrations 
were assessed by analyzing 100 metaphases using the 
multiplex fluorescence in situ hybridization (mFISH). 
 
 
Figure 1: Proliferation of NHDF- and IMR-90 fibroblasts 
up to contact inhibition during cultivation and serial pas-
saging, measured as cumulative population doublings 
(CPD) over 250 days. 
 
Results and Conclusion 
Figure 1 shows the proliferation of two different fibro-
blast cell lines. At each subcultivation the cells were 
counted and the number of mean population doublings 
was calculated. During culturing time, the activity of pro-
liferation decreased until the cells reached the end of their 
replicative lifespan, the so-called replicative senescence.  
An increase in unstable aberrations was detected in all 
cell lines shortly before the cells ceased proliferation. 
Chromatid type aberrations were the most frequent chro-
mosomal aberrations, indicating genomic instability (data 
not shown). The analysis of stable chromosomal aberra-
tions revealed translocations for all cell lines. Over the 
whole culturing time there was a basal level of 3 to 5 
translocations in 100 cells. As shown in figure 2, in both 
cell lines the numbers of translocations per cell increased 
with time. In IMR-90-cells the translocations were to a 
large extend of clonal origin, all involving the same 
chromosome with a further diversification in subclones. 
In the second cell line (NHDF), non-clonal tranlocations 
together with a pronounced increase in unstable aberra-
tions were observed. Both, the occurrence of subclones 
and of unstable aberrations, are a sign of genomic insta-
bility. After a short time, IMR-90 cells underwent replica-
tive senescence, whereas NHDF-cells continued to prolif-
erate and showed a further increase in the number of 
translocations and unstable aberrations (data not shown). 
Genomic instability may be caused by the formation of 
stable aberrations but is not necessarily the consequence 
of their formation. Most likely, the chromosomes and 
gene loci involved determine the fate of the progeny of 
the cells leading to cell death, replicative senescence or 
genetic instability. 
 
 
 
Fig. 2: Frequencies of stable aberrations (translocations, 
mFISH) in NHDF- and IMR-90-fibroblasts. 
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Chromosome aberration data obtained for various types
of mammalian cells after exposure to low and high
LET clearly demonstrate [1] the differences in the en-
ergy deposition pattern of both radiation qualities. In
the study reported here the distribution of chromosome
aberrations observed in human peripheral blood lympho-
cytes at the first mitosis after exposure to 900 MeV/u Fe
(LET=155keV/μm) ions was analyzed and compared to the
effects of 250 kV X-rays [1]. After X-ray exposure the
distribution of aberrations among cells was well charac-
terized by a Poisson distribution, reflecting a simple ran-
dom distribution of damages as expected according to the
homogeneous pattern of energy distribution. On the con-
trary, after high LET exposure, the distribution of aberra-
tions reflected the microscopic inhomogeneity of energy
depositions (see Fig.1). Moreover, since in the experi-
ments first cycle metaphase cells were collected at sev-
eral sampling times, additionally insights into high and
low LET induced cell cycle delays were obtained. If par-
Figure 1: Microscopic dose distribution of 2.3 Gy of 990
MeV/u Fe ions 9×106 ions/cm2. The estimated back-
ground dose is about 0.5 Gy which results in an additional
0.25 aberrations per a lymphocyte exposed
ticle hits to the cell nucleus are viewed as independent
random Poisson events with an average intensity λ, each
contributing with an average number of aberrations per
hit μ, the overall distribution of aberrations can be repre-
sented by a compound Poisson (Neyman-type A) statistics
PN (k) = μ
k
k! e
−λ∑∞
n=0
nk
n! (e
−μλ)n. However, in the case
of high energetic particles, the radial extension of the par-
ticle tracks cannot be neglected (cf. Fig.1) and, due to
∗Work supported (EGN) by the EU COCOS project (MTKD-CT con-
tract No. 2004-517186).) and BMBF 02S8203, Bonn (RL, EN)
† gudowska@th.if.uj.edu.pl
overlap effects from different tracks, the particle traver-
sals cannot be treated as independent. In this case, the
frequency of aberrations among cells is characterized by
a mixture of a Neyman distribution with a background
of a contributing Poisson-type distribution PN+P (k) =∑∞
s=0 PP (s)PN (k − s), representing the effects of energy
released in the center part of the tracks and the outer, over-
lapping part of the tracks, respectively. Based on the es-
timate of the mean number of particle traversals after ex-
posure to 2.3Gy Fe-ions, the parameter λ at 48 h after ir-
radiation was set to λ = 2. Consequently, by using the
estimate for the experimentally observed average number
of aberrations/cell, 〈X〉N+P = λμ + a with a = 0.25,
the value μ = 1.5 aberrations per particle traversal was de-
rived, showing almost no dose- and time-variations. In con-
trast, a clear time-dependence of the parameter λ (cf. Fig2)
was observed, demonstrating cell cycle delay of heavily
damaged cells: With increasing number of hits to a cell
nucleus, more chromosome aberrations are produced in the
cell [1, 2] which, in turn, was shown to correlate directly
[3] with an average time to enter the mitosis.
Figure 2: Evaluation of the parameter λ (i.e. a mean num-
ber of particle traversals) for human lymphocytes exposed
to Fe ions by means of the convoluted Neyman-Poisson
statistics fitted to frequencies of aberrations analyzed at dif-
ferent sampling times. Lines were fitted by a linear regres-
sion analysis.
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Since the start of C-ion therapy at GSI, Darmstadt, in 
December 1997 about 340 patients have been treated. 
Most patients had chordoma or low grade chondrosar-
coma of the skull base. Based on the promising clinical 
results, namely high local control rates and mild side ef-
fects [1], the application has been recently extended to 
intermediate risk prostate cancer. A clinical phase I/II trial 
combing photon intensity-modulated radiotherapy 
(IMRT) and C-ion boost has been started in 2006. In par-
allel to this clinical trial the yields and the types of radia-
tion-induced chromosome aberrations will be investigated 
in peripheral blood lymphocytes of prostate cancer pa-
tients.  
Blood is unavoidably exposed during radiotherapy and 
the cytogenetic damage induced in lymphocytes is con-
sidered as a reliable indicator of the absorbed dose. Fur-
thermore, with increasing LET, specific alterations in the 
aberration spectrum have been described [2, 3] suggesting 
that these changes can serve as a biomarker to distinguish 
between high and low LET exposures. 
For the analysis of chromosomal damage in lympho-
cytes of prostate cancer patients blood samples (8ml) are 
taken before, during and at the end of therapy. Lympho-
cytes are isolated, cultivated in vitro for 48h and chromo-
some spreads are prepared according to standard tech-
niques [4]. Aberrations are visualised in first generation 
metaphases by solid staining or painting of chromosome 2 
and 4. Additionally, if sufficient metaphases are available, 
multiplex fluorescence in situ hybridisation (mFISH) is 
applied to reveal translocations induced within the whole 
genome.  
To date, 5 patients treated with IMRT and a C-ion boost 
(6x3 GyE) and one patient treated solely with IMRT en-
tered the study. Chromosome analysis after solid staining 
revealed a low level of aberrations (0.01-0.02/cell) in 
lymphocytes before therapy. As expected, cytogenetic 
damage increased during the time-course of radiotherapy 
(fig. 1). The same response was observed, when aberra-
tions such as translocations were scored after chromo-
some painting (data not shown) or mFISH (fig. 2). Inter-
estingly, complex aberrations that are discussed as a fin-
gerprint of high LET radiation [e.g. 3] were not detected 
in all patients receiving a C-ion boost. As exemplarily 
shown in figure 2, in cells of patient 04 a low level of 
complex aberrations was found after the C-ion boost and 
at the end of therapy, while in patient 05 no complex ab-
errations were detected. A more detailed analysis will be 
performed, when a higher number of samples has been 
analysed. 
 
Fig. 1: Yield of aberrations in lymphocytes of prostate 
cancer patients measured following solid staining. Cells 
were analysed before therapy, during therapy (i.e. after 6 
fractions) and at the end of therapy.  
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Fig. 2: Yield of translocations and complex aberrations 
in peripheral lymphocytes of two patients before therapy 
(1), after C-ion boost (2) and at the end of therapy (3). 
Samples were analysed by means of mFISH. 
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Rationale and aims 
Ionizing radiation has been reported to promote a state 
of apparent cell-cycle arrest in both normal and tumour 
cell lines closely resembling the senescent phenotype 
[1,2]. The arrest is sometimes reversed and the cell either 
resumes proliferation or, alternatively, differentiates. Al-
though DNA damage is thought to be the main effector of 
the senescent-like fate, the underlying mechanisms are 
not understood [3]. It may be triggered by oncogene(s): 
premature entry into senescence would thus represent a 
stress-induced avoidance of transformation; it could be 
associated with telomere shortening, in which case, since 
reduction of telomere length below a critical threshold is 
thought to result in telomere-telomere fusion, widespread 
genome instability and increased tumorigenic risk would 
ensue.  
As opposed to the extensively studied cancer-related 
long-term effects, non-cancer radiodegenerative diseases 
are only recently attracting attention. The phenomenon of 
senescent-like response to radiation has a twofold rele-
vance: it can help elucidate how chronic space radiation 
exposure may affect functions of tissues and organs, such 
as the cardiovascular system; in ion-based radiation 
treatment of tumours, it may shed light on the inescapable 
normal tissue complications. 
The scope of this project is to investigate the ectopic 
onset of senescence in human umbilical vein endothelial 
cells (HUVECs) and its relationship with telomere length. 
Senescence will be revealed by positivity for E-
galactosidase activity while cytogenetic analysis of te-
lomeres will be performed by Interphase Quantitative 
(IQ) FISH. Karyotypic analysis will signal for acquired 
genomic instability. 
Experimental procedure 
Early passage HUVECs were irradiated at the SIS facil-
ity in Darmstadt using the therapeutic 270 MeV/amu car-
bon ion beam at the plateau (entrance; LET ≈ 13 keV/Pm) 
or the spread-out Bragg Peak (SOBP; LET≈ 100 keV/Pm) 
positions of the beam ionization path. Two doses were 
chosen for each position (0.5 Gy and 2 Gy). X-rays were 
used as a reference. Each sample was then split, serially 
cultivated and, at regular intervals, either harvested or 
replated. Acute radiosensibility was assessed by clono-
genicity. 
Results
Clonogenic survival was clearly LET-dependent and 
pronounced sublethal damage repair occurred at low 
LET(fig. 1). 
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Figure 1: Clonogenic curves 
E-Galactosidase tests showed that irradiated HUVECs 
switched to senescence earlier than did physiologically 
ageing controls. Initially, this occurred in an LET- and 
dose-dependent fashion, but a more complex pattern 
emerged with time (fig.2). At the plateau, which matters 
to normal tissue, more senescent cells were recorded 
compared to high dose. The opposite was true for the 
SOBP and X-rays. 
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Figure 2: Cellular senescence as a function of time 
 
Analysis of cytogenetic slides will relate these data 
with telomere length quantitation. 
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Neoplastic Transformation Induced by Carbon Ions∗
Daniela Bettega, † 1, Paola Calzolari1, Petra Hessel2, and Wilma K. Weyrather2
1Dept.Physics, Univ. of Milan and INFN, Italy; 2GSI, Darmstadt, Germany
Neoplastic transformation in vitro can be used as an in-
dicator for risk assessment comparing different radiation
types. The human hybrid ( Hela X skin fibroblast ) cell
line, developed by Stanbridge et al [1] and Redpath et al
[2] and designated CGL1 has been used to compare carbon
ion irradiation to conventional radiation (15 MeV photons).
Results for track segment irradiation have been reported in
[3] [4].
In a next step a situation more closer to therapy has been
simulated. An extended volume has been irradiated with a
physical isodose of 1.5 Gy, simulating a tumor in a depth
between 60mm and 100mm. Survival and transformation
frequency habe been measured at 5 different positions: two
in the entrance channel, one in the middle of the tumor and
two after the tumor volume to measure the influence of the
produced fragments. One extra point in the entrance chan-
nel has been measured for survival only. Cell were irra-
diated in medium filled cell culture flasks, that were com-
bined as a stack with polyethylen slides between the flasks
to get the correct distance. Ranges in the figure were cor-
rected for water equivalence.
The results are shown in figure 1. Values and error bars are
calculated from two independent experiments. The data for
survival and transformation frequency in the entrance chan-
nel and in the tumor volume correspond within the normal
statistical variation to that, what has been expected from
the track segment data.
For the risk assessment the transformation frequency per
cell at risk (the number of irradiated cells ) is more rele-
vant than the frequency per surviving cell. With the excep-
tion of the point at 50 mm (corresponding to a rim if 1 cm
around the tumor volume) the transformation risk per irra-
diated cell is in the same range. It is remarkable that the
low dose from the fragments behind the tumor volume lead
to the same risk as the high doses before. This effect may
be mainly contributed to the stopping α - particles, which
have been shown to have a higher risk for transformation
[5]. For a comparison to photons, the irradiated volumes
necessary for an identical tumor dose have to be taken into
acount.
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Figure 1: a) Doseprofile for the irradiated volume. Lines
indicate the places where survival and transformation
where measured. At the depth of 25 mm only survival has
been measured.
b) Clonogenic survival.
c) Transformation frequency per surviving cell.
d) Transformation frequency calculated for cell at risk.
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Investigation of cell death induced by high LET irradiation in squamous cell 
carcinomas for future clinical application in hadrontherapy 
                  M.Maalouf, G.Alphonse and C.Rodriguez-Lafrasse - Laboratory of Molecular and Cellular Radiobiology - 
EA3738–Oullins- France 
C.Fournier and G.Taucher-Scholz - GSI- Darmstadt- Germany 
 
Increased interest in biological effects of high-
LET carbon irradiation lies in the emerging development 
of hadrontherapy. However a number of molecular issues 
regarding the mechanisms of action of carbon ions remain 
to be clarified. Our project aims to fill in some of these 
gaps by analyzing the specific molecular signature of car-
bon irradiation in tumor cells. These studies will contrib-
ute to the comprehension of the mechanisms leading to 
resistance to conventional radiotherapy and will specify 
the elective indications for hadrontherapy. This point is 
crucial in order to determine the best treatment for certain 
types of tumours and to direct the patients towards had-
ron- or conventional radio-therapy.In this context and in 
order to verify the cellular basis of the high RBE levels, 
studies on the mechanisms of cell death were initiated. 
Therefore apoptosis and cell cycle inhibition were as-
sessed in two head and neck squamous carcinomas 
(HNSCC) cell lines with different radiosensitivity. Recent 
clinical trials (1) had shown that the local treatment of the 
HNSCC by ion carbon hadrontherapy is much less effi-
cient than for other radioresistant cancers, raising the in-
terest for the studies in this type of cells. 
In previous experiments (2), we had shown that 
carbon irradiation (9.8MeV/u) induces a higher level of 
clonogenic cell death than X-irradiation, for SCC61 (ra-
diosensitive to X-rays) and SQ20B (radioresistant to X-
rays). 
Irradiations were performed at 10 Gy. As shown in figure 
1, in response to high LET ions the radiosensitive cell 
line, SCC61, undergoes apoptosis in a time dependent 
manner. Four to 240 hours after irradiation the adherent 
and floating cells were pelleted and fixed for apoptosis 
quantification using propidium iodide labeling and flow 
cytometric analysis. The percentage of cells in sub-G1 
phase, taken as an index of apoptosis, was more pro-
nounced in response to carbon ions than to photons and it 
reached 78.4% at 72h and 95 % at 240h. 
 
 
 
 
 
 
 
 
Figure 1: Kinetics for radiation-induced apoptosis (sub-
G1 phase) in SCC61 exposed to carbon ions (9.8MeV/u) 
 
On the contrary, no significant apoptosis induc-
tion was observed during the 120h following low or high 
LET irradiation in the SQ20B radioresistant cells (data 
not shown). Therefore, the proliferation activity was as-
sessed. Growth curves were established by counting the 
cells at different days after irradiation. The results showed 
(figure 2) a very slow proliferation activity after irradia-
tion, the number of cells remained nearly unchanged from 
2 to 10 days following carbon irradiation. Similar results 
were observed after photon irradiation (data not shown).  
 
 
 
 
 
 
 
 
Figure 2: Number of viable SQ20B cells counted 2, 5 and 
10 days after carbon irradiation 
 
The percentage of cells in each phase of the cell 
cycle was then quantified by flow cytometry. In response 
to X-rays SQ20B showed a transient arrest in G2 phase at 
24h. The G2 arrest was even more pronounced and main-
tained 5 days after irradiation by carbon ions (Figure 3) 
 
 
 
 
 
 
 
 
Figure 3: Percentage of SQ20B cells in G2 phase after 
10Gy irradiation with carbon 9.8MeV/u. 
 
The high efficiency of carbon irradiation in ra-
dioresistant SQ20B cells could not be explained by the 
induction of the apoptotic process but by a persistence of 
the cell cycle arrest. 
We conclude that in both cell lines, carbon ion irradiation 
does not modify the type of cell death involved, but am-
plifies it. Further studies will be done to investigate the 
molecular mechanisms involved in the prolonged cell 
cycle arrest of SQ20B cells. Moreover in the radiosensi-
tive SCC61 cell line, the potential involvement of cera-
mide in inducing apoptotis independently of wildtype p53 
after carbon ions exposure will be studied. 
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Carbon ion irradiation of glioblastoma cell lines combined with chemotherapy 
J. Bohl1, S. E. Combs2, J. Debus2, T. Elsässer1, D. Schulz-Ertner2 and W. K. Weyrather1 
1GSI Biophysics; 2Department of Radiation Oncology, University of Heidelberg.
Glioblastomas are the most malignant form of primary 
brain tumours. Despite all advances in therapy their prog-
nosis remains poor. A new approach to overcome their 
high radio- and chemoresistance is the combined heavy-
ion radiotherapy and chemotherapy with the alkylating 
agent Temozolomide (TMZ).  
In this study we investigated the effect of combined 
carbon irradiation with chemotherapy on glioblastoma 
cell lines (U87-MG, LN229) and determined the relative 
biological effectiveness of carbon ions.  
Radiobiological experiments with carbon ions have 
been performed at the SIS and the Unilac. We used an 
energy of 9.8 MeV/u on target at the Unilac with a corre-
sponding LET on target of 170 keV/µm. For the spread-
out Bragg-peak irradiation at the SIS the dose-weighted 
LET on target was 103 keV/µm. As a reference, irradia-
tion experiments were performed with 250 kV X-rays. 
Clonogenic survival was measured after irradiation for 
U87-MG and LN229 cells.  
Survival curves for carbon beams and 250kV x-rays as 
a function of dose are shown in figure 1. While typical 
shoulders are present in the X-ray curves, the carbon irra-
diation gave exponential dose curves. Table 1 shows the 
RBEα und RBE10 values calculated from these curves. 
 Our results showed a significant increased biological 
effectiveness for carbon ions. The measured survival was 
in remarkable good agreement with the prediction accord-
ing to LEM (data not shown). 
In order to examine possible synergistic effects, cells 
were treated with TMZ for four hours followed by me-
dium change before irradiation. The analysis of cell cycle 
progression by flow cytometry showed a G2/M-phase 
arrest after 48 hours after sole TMZ treatment (data not 
shown). Therefore, the irradiation for both cell lines was 
performed on the one hand directly after TMZ treatment 
and on the other hand 48 hours after treatment. Survival 
curves are shown in figure 2. 
In combination with irradiation, TMZ treatment led to 
an additive effect. There was no increased radiosensitivity 
observed after 48 hours. LN229 cells are not only more 
radiosensitive than U87-MG cells, but also much more 
sensitive to TMZ.  
Our results suggest that a treatment of glioblastomas 
with combined heavy-ion radiotherapy and chemotherapy 
might provide an opportunity for therapy. However, the 
differences between the investigated cell lines which re-
flect the diversity of glioblastomas require further re-
search in more detail especially about the influence of 
TMZ on glioblastoma cells. Furthermore it is essential to 
investigate the effect on glioblastomas in vivo and to 
compare the radio- and chemosensitivity of the surround-
ing healthy tissue.   
 
 
 
Figure 1: Survival of U87-MG and LN229 for the irra-
diation with carbon ions compared to x-rays. The dashed 
curve represents the survival after monoenergetic irradia-
tion, dash-dotted curve represents spread-out Bragg peak 
irradiation. 
 
 
Figure 2: Survival of TMZ treated U87-MG cells for the 
irradiation with carbon ions. The dashed curve represents 
irradiation directly after TMZ treatment, the dash-dotted 
curve represents irradiation 48 hours after TMZ treatment. 
 
Table 1: RBEα and RBE10 values calculated from sur-
vival curves of U87-MG and LN229 cells after exposure 
to carbon ions and x-rays. Comparison between 
monoenergetic irradiation at the Unilac and therapy simu-
lating spread-out Bragg peak irradiation at the SIS. 
  
cell line LET [keV/µm] RBEα RBE10 
U87-MG 103 4.77 2.42 
 170 8.04 3.99 
LN229 103 5.43 2.56 
 170 8.33 3.96 
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Phagocytotic activity of macrophages after exposure to ionising radiation* 
S.Conrad1, S.Ritter2, and K.Nixdorff1 
1Institut für Mikrobiologie und Genetik, Darmstadt; Germany  2 GSI, Darmstadt, Germany
Apoptotic cell death is a common feature after exposure 
to ionising radiation in vivo and in vitro. Macrophages are 
responsible for the phagocytotic clearance of the apop-
totic cells and it was shown that phagocytosis of radia-
tion-induced apoptotic cells can activate macrophages, 
leading them to the induction of an inflammatory re-
sponse in the surrounding tissue by releasing cytokines 
[1,2]. This inflammation is responsible for the develop-
ment of radiation induced side effect like pneumonia and 
skin fibrosis    
The purpose of the present study was to measure the 
phagocytotic ability of irradiated macrophages in vitro 
directly by counting internalised latex beads. We used the 
murine RAW 264.7 cell line as a model system. The latex 
beads have a size of 1.1 µm in diameter, which is ap-
proximately the size of apoptotic bodies. Macrophages 
where irradiated with 250 kV X-rays and 9,8 MeV/u C-
ions (0-32 Gy). A portion of the macrophages was acti-
vated with 1 µg/ml Lipopolysaccharid (LPS) 30min be-
fore irradiation to compare the radiation response of acti-
vated and resting macrophages. After 24h of incubation 
the medium was removed and replaced by medium con-
taining latex beads in a ratio of 100 beads per macro-
phage. After 1h of incubation the samples were inten-
sively washed to remove unbound and non internalised 
latex beads, macrophages where fixed and the number of 
internalised beads was counted in 200 cells per dose un-
der a phase contrast microscope [Fig. 1] 
 
 
 
Figure 1: Irradiated RAW 264.6 macrophages (1 Gy X-
ray) internalised latex beads. Beads are visible as black 
dots within the cells. 
Figure 2 shows the results of the first experiments with 
stimulated and resting macrophages after X-ray irradia-
tion. Resting macrophages phagocytised more beads with 
increasing dose, whereas LPS activated macrophages 
show a smaller increase of the phagocytic activity over 
the dose-range. Unirradiated resting macrophages phago-
cytised around 3 beads per cells, activated unirradiated 
cells around 7 beads per cell. Activated cells irradiated 
with X-ray doses between 0,25 Gy and 1 Gy show a de-
creased phagocytic activity which is probably coupled 
with an anti-inflammatory effect of low X-ray doses re-
ported by other investigators [3]. 
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Figure 2: Number of latex beads phagocytised by macro-
phages. Error bars = standard error of the mean. 
First results with C-ion irradiated cells also show the 
increased phagocytic activity but with a stronger increase 
(data not shown) and they also did not show the decreased 
phagocytic activity in the dose-range between 0,25 Gy 
and 1 Gy. These results indicate that ionising radiation 
activated the resting macrophages in a way that their 
phagocytic ability increased and also that LPS-activated 
macrophages can be activated further by radiation. 
 Our previous studies have shown that this activation 
with ionising radiation alone is not coupled with the pro-
duction and release of inflammatory cytokines [4]. This 
indicates that cytokine production by macrophages is not 
a direct effect of the radiation, but potentially a result of 
the increased phagocytic ability of irradiated macro-
phages that were present in the irradiated tissue. 
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12C Ions Activate the Wild-type Mouse Retina  
    W.G. Sannita for the ALTEA collaboration  
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   Biological hazard due to prolonged exposure to space 
radiation is conceivably to increase onboard the 
International Space Station and outside the geomagnetic 
shield [1]. Radiation interference with brain function is 
also possible and could be critical. The visual system is 
peculiarly sensitive to cosmic radiation: most astronauts on 
space missions [2] and volunteers whose eyes were 
exposed to radiation at energies above or below the 
Cerenkov threshold in accelerator experiments reported 
phosphenes (“light flashes”). Relationship with particle 
flux and temporal correlation with HZE particles suggested 
retinal effects of heavy ions [2,3].  
   Experiments were performed at GSI, with approval by 
the local institutional animal care and use committees.  
Anesthetized (ketamine [80 mg/kg], xylazine [16 mg/kg]) 
adult wild-type female mice were housed in a stereotaxic 
platform maintaining the body temperature stable and dark-
adapted. Bursts of 12C ions (beam perpendicular to the 
retina; 1-5 ms, 103-104 particles/burst [200 MeV/n], ~3s 
interval between bursts) evoked a transient 
electrophysiological retinal response in 50% of irradiated 
mice, with response waveform comparable to the retinal 
response to light, but longer latencies and smaller 
amplitude. The percentage of responding mice is consistent 
with that (~20-50%) observed in humans [3] and may 
reflect physical phenomena occurring when ionizing 
particles impact living tissues or physiological differences 
in anesthesia or in the energy locally supplemented to the 
retina. The response amplitude correlated with the number 
of particles/burst, with an estimated threshold of ≈1x103 
particles/burst ((LET: ≈ 1.6x104 KeV/µm); amplitude 
reached a maximum at about 2x103 particles/burst (LET: ≈ 
3.2x104 KeV/µm) to then decrease with increasing 
particle/burst numbers. 12C ion retinal activation evoked 
cortical responses comparable, albeit smaller and with 
longer latencies, to those evoked by light before and after 
irradiation. The retinal response amplitude of both 
irradiated mice and controls increased over time in the 
dark, suggesting negligible 12C ion effects on the negative 
feedback mechanisms underlying dark adaptation and, by 
extension, on retinal sensitivity. Differences between 
irradiated mice and controls were not detected in retinal 
architecture, staining intensity and distribution of antigens 
at the immunocytochemistry screening analyses.   
  The activation by 12C ions of retinal processes yielding an 
electrophysiological mass response in the retina and visual 
cortex is consistent with the suggested origin of 
phosphenes in space. Models of the threshold number of  
 
Figure 1. Average (n=10) mouse responses to 12C ion (left) 
and retinal response amplitude vs ion number/burst in one 
mouse (right). 
ionizations per sensitive volume induced by heavy ions, the 
early negative wave observed in some mice, and the 
cortical activation suggest outer retina effects comparable 
to the action of light. However, the inverted-U intensity-
response function and the absence of a differential 
saturation of the retinal response negative/positive waves 
would question any selective photoreceptor activation, 
while recent evidence suggests the involvement of inner 
retinal activities, including neurons, in the generation of 
retinal responses [3]. Both physiological photoreceptor 
activation and direct (nonspecific) action on neurons 
appear plausible and would have implications for safety in 
space.  
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Modelling Irradiation-Induced Cell Cycle Delays∗
A. Ochab-Marcinek1, E. Gudowska-Nowak†1, E. Nasonova2,3, and S. Ritter3
1Jagellonian University, Krako´w, Poland; 2JINR, Dubna, Russia; 3GSI, Darmstadt, Germany
In studies preceding this project we have documented
[1, 2, 3] the relationship between the high lET radiation-
induced mitotic delay and the expression of chromosome
damage. In particular, a direct correlation between the
average time to enter the mitosis and aberration burden
has been claimed [3]. To further elucidate the complex-
ity of cell cycle arrest after exposure to high LET irradia-
tion, we have developed a Monte Carlo simulation model
which combines the cell cycle progression through G1,
S and G2/M phases with the experimental cytogenetic
data [2]. Based on experimentally accessible information
about the cell kinetics as measured by the mitotic index
(cf. Fig.1), the aim of our project is to quantify check-
points activity and to reproduce the cell cycle perturbations
as expressed by a damage-correlated time-delay. To estab-
lish quantitative relationship between aberrations formed in
interphase and visible in metaphase, cell passage through
mitotic cycle stages has been simulated by means of a ki-
netic model in which duration of each of 4 cycle phases,
ph = {G1, S,G2,M}, is taken as a log-normal stochastic
value characterized by its mean and dispersion. For V79
Chinese hamster cells, as used in our simulations, the mean
duration times [1] of the cell cycle phases are tG1 = 2.25
h, tS = 6.5 h, tG2 = 1.5 h, tM = 0.75h. The phase
duration for an individual cell is given by a certain proba-
bility distribution Dph(τ) where τ is a time which a given
cell had already spent in the current phase. Consequently,
a single cell of phase age τ is assumed to leave its current
phase within a time interval [τ, τ + dτ ] with probability
Dph(τ)dτ and a mean number of cells dNph→(t) leaving
the phase ph within an infinitesimal time interval [t, t+ dt]
is defined by the mean flux dNph→(t)dt . On the other hand,
if we trace the behavior of a particular cell, we can define
Dph(τ) as the probability distribution of leaving the phase
at age τ , provided that the cell had not completed the phase
earlier, i.e., Dph(τ) =
Fph(τ)
1−
∫
τ
0
Fph(τ ′)dτ ′
. Knowing the mean
flux we can calculate other mean quantities of interest, such
as mean number of cells found in the phase ph at a given
time t after irradiation (cf. Fig.2) or, when relating the de-
lay time to mitosis with an average number of aberrations
carried by a cell [3], we can predict passage of aberrant
cells through subsequent phases of the cell cycle.
In order to reproduce the mean corrected mitotic index
of irradiated cell populations we perform a similar fitting
procedure as for the control (unirradiated cells). We make
a biologically justified assumption that irradiation affects
only the characteristics of G1 and G2 phases which will
∗Work supported by the EU COCOS project (MTKD-CT contract No.
2004-517186 and KBN Grant No 1 P03B 159 29).)
† gudowska@th.if.uj.edu.pl
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Figure 1: Mitotic index of V79 cells [2] exposed in G1
phase to 1.96 Gy of 10.4 MeV /u Ar ions: experimental
data along with fits and simulations of N0 = 1000 cells.
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Figure 2: Exemplary flux of V79 cells from a given phase
at time t. Results of MC simulations on 105 cells.
be reflected in fit parameters tG1, σG1, tG2, σG2. In fact,
fits to the FG2(τ) and FG2(τ) distribution functions be-
came wider when analyzing populations of irradiated cells
exhibiting an apparent increase in the mean duration times
of the phases. Moreover, the observed long tail of FG2(τ)
distribution is sugestive of a prolonged block of damaged
cells in the G2 phase. The error analysis performed on sim-
ulated data allows also to draw a practical conclusion: the
number of observed cells in an experimental sample should
be at least 100 to obtain a relative error less than 20%.
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Monte Carlo simulation of cell inactivation after heavy ion irradiation  
with the Local Effect Model (LEM) including cluster effects  
Th. Elsässer and M. Scholz 
GSI, Darmstadt, Germany 
The Local Effect Model (LEM) represents an integral 
part of the heavy ion treatment planning software TRiP98 
to calculate the biologically equivalent dose. Recently, the 
incorporation of cluster effects of single strand breaks at 
large local doses around the center of ion tracks was 
shown to be of particular importance for the prediction of 
the relative biological effectiveness (RBE) of the initial 
slope of cell inactivation experiments [1]. However, in 
order to apply these modifications to treatment planning, 
the knowledge about RBE values at doses up to a few Gy 
is necessary. Additionally, a refinement of the radial dose 
distribution seems to be appropriate. 
Radial Dose Distribution 
In the original dose distribution of the LEM, the radical 
diffusion was taken into account by using a minimal ra-
dius of 10nm below which the dose is constant. However, 
recent experiments suggest that the diffusion length is 
shorter. Therefore, we modified the physical dose distri-
bution by reducing the minimal radius to 0.3nm according 
to experimental data for the dose distribution [2] and con-
volving the physical dose distribution D(r) with a Gaus-
sian distribution of width σ=4nm to account for radical 
diffusion [5] 
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Cell inactivation 
In order to implement the LEM into treatment planning, 
full survival curves must be calculated and the RBE for 
different survival levels is of interest. We used the 
mathematical method of [3] to determine the survival 
levels for V79 cells. For each track we compute the fre-
quency distribution of dose per fractional area of the cell 
nucleus as a function of the impact parameter. The calcu-
lation of overlapping tracks corresponds to the convolu-
tion of the frequency distributions of each track. The re-
sulting final frequency distribution contains the fractional 
area of the cell nucleus irradiated by a certain local dose. 
With this distribution we can calculate the "local" average 
number of lethal events for each local dose by using the 
response of the modified photon survival curve [5]. Inte-
grating these average "local" events yields the total num-
ber of lethal events and finally the survival level. Fig 1 
demonstrates the improvement of the modified LEM by 
comparing it to the original version and experimental re-
sults [4]. In general it was found that the cell survival is 
lower after high-LET irradiation and higher after irradia-
tion with low-LET particles. With this method we could 
also prove that the approximations applied in TRiP98 are 
still valid for the cluster extension 
 
Conclusion 
We have shown that the cluster extension of the Local 
Effect Model in combination with a refined dose distribu-
tion improves the model also for full survival curves. 
Therefore, the modified LEM will improve the treatment 
planning for carbon ion therapy significantly. 
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Figure 1. Cell curvival for V79 cells after irradiation with 
4.2 MeV/u and 76.9 MeV/u carbon ions, respectively. 
Solid (dashed)  lines represent the results of the modified 
(original) LEM. 
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Introduction 
The software TRiP98 [1, 2] is successfully used for 
treatment planning. One of the major tasks of the plan-
ning procedure is the optimization step. Every further 
development in calculation models for treatment plan-
ning, e. g. the multiple field optimization (MFO) [3], has 
to be verified biologically, before the improvements can 
be integrated into patient treatment.  
 
Materials and methods 
Using MFO allows sparing of organs-at-risk (OAR) 
which are closely situated to the tumor. We chose an U-
shaped target area bending around an OAR to simulate a 
patient situation where sharp irradiation border areas are 
essential. In order to reach a very high local resolution of 
the biological endpoint, cell survival, we developed a new 
phantom (figure 1) based on [4]. Chinese hamster ovary 
cells (CHO K1) were cultivated on polystyrene sticks. 
The sticks were vertically fixed between tow plates in a 
medium filled container and irradiated with carbon ions 
[5]. The dose level in the target volume was set to 6 GyE 
which corresponds to a survival level of 15 %. The target 
was irradiated in 20 layers with energies between 186.57 
MeV/u and 258.15 MeV/u. After irradiation the clono-
genic survival has been measured by carefully trypsiniz-
ing the cells from the sticks, cell counting and cell seed-
ing at an appropriated number. Finally, the cells were 
stained after 7 days and scored for survival. 
 
 
 
Figure 1: New phantom for biological verification. Cell 
carrying sticks are shown between two plates for fixation. 
Plates were in a defined distance via spacers.  
 
Results 
Experimental CHO K1 survival is shown in figure 3 and 
compared with the calculated cell survival in figure 2 for 
the U-shaped target. The measured cell survival is in good 
agreement with the calculated data. So we can demon-
strate that the new phantom is suitable for biological veri-
fication of complex treatment fields with sharp dose gra-
dient.  
 
 
Figure 2: Calculated cell survival  
 
 
 
Figure 3: Measured cell survival. The target volume is 
indicated by solid lines and the OAR by dashed lines.  
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Introduction
The software TRiP98 [1] is successfully used at GSI for
treatment planning of stationary tumors. It is capable to
calculate the absorbed dose and the biologically effective
dose resulting from the superposition of usually several
thousand C-12 pencil beams. Treatment is delivered with
the raster scanner system [2]. If the target is subject to res-
piratory motion, treatment is not yet possible because target
motion and scanning motion interfere and dose homogene-
ity is lost.
As part of the GSI motion compensation project (see [3])
TRiP98 was extended to calculate the distribution of the
absorbed dose in the presence of motion [4]. Recently, we
included calculation of cell survival.
Materials and methods
In the experiments a target volume of 3 × 4 × 1 cm3
was irradiated. Within the center of this volume we placed
a grid of 96 cylindrical containers called wells (diame-
ter 4.5mm) to allow for survival measurements with an
adequate spatial resolution. Chinese hamster ovary cells
(CHO-K1) were grown at the bottom of the well plate at
standard conditions (37◦C, 5% CO2). We applied the beam
using two irradiation schemes. First, the well plate was
held at rest and the scanned beam delivered a homogeneous
dose distribution to the target. This measurement was re-
peated twice and served as a static reference. Second, the
well plate was moved sinusoidially (period 5 s, left-right
in beams-eye-view with 2 cm amplitude) without motion
compensation. 7 wells were chosen for experimental sur-
vival measurements. Selection criterion was a constant sur-
vival level within the well compared to the overall inho-
mogeneous survival pattern. The cells from each of these
wells were carefully trypsinized, counted, and seeded at an
appropriate number. After 7 days the cells were stained and
scored for survival.
Results and discussion
Fig.1a shows the calculated survival for the static case.
Fig.1b shows the survival measured in the wells depicted
by the solid line in fig.1a in comparison to the calculation.
The relatively large error bars account for the complicated
cell processing procedure.
In case of uncompensated target motion interplay leads
to a deteriorated survival distribution which is suitable for
validating the calculation. The calculated 2D survival in
case of target motion is shown in fig.2 (upper panel). Tar-
get motion leads to smearing of the survival and to an in-
Figure 1: a: Calculated 2D survival distributions for the
well plate at rest. The position of the wells is depicted by
circles. Color coding is as in fig.2. The arrow indicates the
line where the survival is measured. The PTV is indicated
by the rectangle. b: Comparison between calculation and
the two sets of measurements.
Figure 2: Upper panel: Calculated 2D survival for the irra-
diation scheme with target motion. Lower panel: Measured
and calculated survival in comparison.
homogeneous interplay pattern. The comparison between
experiment and calculation (fig.2, lower panel) predomi-
nantly validates the calculation. However, the experiments
have to be repeated and the processing method has to be
refined to gain better statistics and to acquire more data
points. Finally, experiments using a motion compensation
system with moving plates have to be performed.
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Introduction 
Scanned ion beam techniques proved to be an accurate 
method in radiation therapy with a high degree of con-
formity [1]. Since 1997 the carbon ion treatment unit at 
GSI has treated more than 330 patients with stationary 
tumours using a raster scanning system. In case of mov-
ing organs, however, it is necessary to mitigate interplay 
between organ motion and scanned beam. In order to 
achieve a high conformity and a homogeneous dose dis-
tribution also for moving tumours, GSI plans to compen-
sate the organ motion in three dimensions. A prototype 
compensation system was developed and has been tested 
in different ways [2, 3, 4].  
 
Status 
The prototype motion compensation system currently 
consists of three LabVIEW-controlled subcomponents for 
motion detection, lateral compensation, and longitudinal 
compensation. Compensation parameters are calculated in 
advance as part of treatment planning. During treatment 
delivery, the parameters are selected from a look-up table 
and sent to the compensation branches. Parameter selec-
tion is based on the measured target position and the irra-
diated beam position. 
For motion detection, a calibrated CCD camera (40 fps) 
is currently used to detect real time target motion by 
monitoring a LED which is set on a moving target. The 
LED position is analysed on-line, and a target position to 
be irradiated is predicted by taking a delay of the data 
transfer time into account.  
For the lateral compensation the predicted displace-
ment of the target position is sent from PC to the therapy 
control unit at VME. The scanning magnet is set on-line 
by taking the displacement into account. To improve de-
terministic data transfer time we exchanged the initially 
used TCP/IP connection [2] with a VME-PCI link bridge 
that maps the control system’s memory on the LabVIEW-
PC. With this direct connection the scanning magnets 
were controlled more reliably to follow the target motion 
in real time. The nominal and measured beam positions 
were compared, and the deviation between those beam 
positions agreed within 0.3 mm in RMS. The system has 
been tested also by irradiating a moving radiographic film 
(periodical motion to left and right with a period of about 
5s). Figure 1 shows the film response for the beam scan-
ning which was originally planned to form a homogene-
ous rectangle shape without motion compensation (left) 
and with compensation (right). The irradiation pattern of 
fig. 1 (left) shows the interplay between the scanning 
beam and the motion of the film, while the pattern in fig. 
1 (right) shows a homogeneous rectangle pattern which 
agrees well with an irradiation pattern for a stationary 
target. The lateral compensation works successfully, 
however, the loop-time of the compensation process is 
influenced by tasks running on the PC which sometimes 
leads to false compensated beam positions. Further opti-
misation of software on the PC will be performed to 
achieve a reliable time deterministic compensation system.  
The displacement of the longitudinal Bragg peak posi-
tion is compensated by a wedge-type range shifter [5] 
installed in between beam exit window and target. Cur-
rently the range shifter consists of 2 sets of 5 PMMA 
wedges. Each set is placed on a linear motor with a 
maximum acceleration of about 1g. Based on clinical 
4DCT data simulations were performed to find the accel-
eration required for treatment of lung tumours. The results 
showed that higher accelerations are required. To achieve 
these higher accelerations and to improve the communica-
tion between PC and motion controller we currently re-
place the linear motor system by a state of art servo linear 
motor. The new linear motor has a continuous accelera-
tion of about 5g (10g for the thickness change) and will 
be tested with beam in March 2007. 
 
 
 
 
 
 
 
 
 
 
Fig. 1 : Irradiation pattern on a moving X-ray film (rec-
tangular shape) without motion compensation (left), and 
with motion compensation (right).   
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Introduction 
Currently, the C-12 therapy performed at GSI cannot be 
applied to moving tumors because interplay between 
scanned ion beam and moving target does not allow con-
trolled dose delivery. Several techniques are proposed to 
mitigate the influence of interplay. Among them are track-
ing [1], gating [2], rescanning [3], and use of margins. We 
used the 4D extension of GSI’s treatment planning soft-
ware TRiP [4] to calculate dose distributions for these 
mitigation techniques. Studies are based on 4DCT data 
from 5 lung tumor patients. Exemplary data are shown 
here, a detailed report will follow elsewhere. 
Material and methods 
For each of the patients and each mitigation technique a 
treatment plan was optimized. As planning target volume 
(PTV) we used the clinical target volume (CTV) plus 
margins covering the technique specific residual motion 
as determined by 4DCT. The treatment plan was opti-
mized such that the energy for each pencil beam was suf-
ficiently high to reach the corresponding grid position in 
any motion phase. For tracking, compensation parameters 
were calculated. 
We computed the dose distributions of 12 motion pa-
rameter combinations for each patient and each technique 
(3 periods and 4 initial breathing phases). Motion ampli-
tude was given by 4DCT and quantified by non-rigid de-
formation maps [5]. Particle extraction and thus beam 
motion were modeled according to the parameters 
planned for the Heidelberg ion therapy. The data shown 
are for motion with 4s period and 90° initial phase.   
The dose distributions were analyzed by visual inspec-
tion and by dose-volume-histograms (DVH) for CTV and 
for the ipsilateral lung as the organ at risk. 
Results and discussion 
Use of internal margins did not lead to acceptable dose 
distributions for any patient. Despite margins, interplay 
caused cold and hot spots within the CTV. 
Dose distributions for tracking, gating, and rescanning 
are shown in fig.1. The 90% iso-dose covers the CTV for 
all techniques as is also shown in the corresponding DVH 
for the CTV shown in fig. 2.  
The techniques mainly differ in the dose deposited to 
surrounding lung tissue. In fig. 1 this can be seen e.g. for 
rescanning which is the technique with the largest resid-
ual motion. CTV motion was mainly in cranio-caudal 
direction. Since the PTV covers all positions of the CTV 
and since lung tissue is less dense than tumor tissue, dose 
contributions distal of the PTV appear at extremal CTV 
positions (crosses in fig. 1c). Comparison of lung DVHs 
(fig. 2b) quantifies this effect.  
 
Figure 1: Shown is a sagittal slice of the CT with CTV 
and PTV. Overlaid are iso-dose lines for 50% and 90% of 
the prescribed dose.  
 
 
Figure 2: DVHs for CTV (a) and ipsilateral lung (b) as 
organ at risk for the dose data shown in fig. 1. All tech-
niques deliver the prescribed dose level within the PTV. 
Gating and rescanning lead to an increased lung-dose. 
Conclusion 
Example data of a planning study were presented. Re-
scanning, gating, and tracking delivered sufficient dose to 
the PTV. However, gating and especially rescanning lead 
to an increased lung dose. 
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Introduction
At present various sites around the world use beams of
swift protons or carbon ions for radiotherapy. The success
of the GSI 12C radiotherapy pilot project has triggered the
planning and/or construction of numerous clinical ion facil-
ities in Germany (Heidelberg, Marburg, Berlin) and Europe
(CNAO, MedAustron, Etoile). These sites will use car-
bon ions and also protons as their prime modalities. There
are, however, physical and radiobiological reasons to in-
spect other light ion species for their potential therapeuti-
cal advantages. In particular helium ions undergo less lat-
eral scattering than protons and less nuclear fragmentation
than carbon. Consequently, the HIT facility was designed
to also offer helium beams as an option, which means that
eventually physical and radiobiological models must be as
patient-ready as they are now for 12C.
Nuclear Reaction Cross Sections
The parameters of semi-empirical formulae were fitted
to the few available nuclear reaction data for the 3He colli-
sion with the water molecule [1]. Figure 1 shows the data
together with the chosen adaption curves.
Figure 1: Reaction cross section for the nuclear reaction
of 3He projectiles with 16O target atoms. Different models
are compared with measured data [1], [3].
Depth Dose Distributions
With these base data the developer version,
TRiP98BEAM, of our treatment planning system [2]
was modified to generate depth dose curves and related
charged particle energy spectra for 3He, which subse-
quently can be used for treatment planning the same
way as those for 12C. Figure 2 shows calculation results
compared with data measured at GSI.
Figure 2: Depth dose profile of a 3He beam in water.
Biological Dosimetry
Biological dosimetric measurements to ensure that also
the biological outcome is as expected have been performed.
An extended target volume was defined and irradiation was
planned and performed as for a real patient. By means of a
stack of culture flasks the depth survival profile was mea-
sured and compared with the planning prediction (Fig. 3).
Due to the high activation of the sample a long waiting time
between irradiation and trypsination was necessary. Repair
processes during this time may cause increased cell sur-
vival. In addition, an adaptation of the modified biologi-
cal model [5] in the low-LET range could result in a better
agreement.
Figure 3: Physical dose, biological dose and survival of
CHO cells in dependence of depth in water [4].
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in TRiP * 
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One of the main goals of any therapy treatment plan-
ning is the delivery of a conformal dose distribution in the 
target tissue while sparing the near seated critical ones. 
The multiple scattering is one of the important aspects 
that play a role in the modelling of the beam parameters.  
TRiP 
TReatment plannIng for Particles[1] is the software 
successfully used at GSI for therapy. While available, the 
Monte Carlo codes used for simulation in particle physics, 
are for therapy purposes rather time consuming and there-
fore not suitable for clinical practice. To shortcut this 
overhead TRiP is using a dose distribution database. This 
database is calculated for different ions in water and prac-
tically used energies (for 12C 50-500 AMeV). For all other 
materials the dose distribution is derived from the water 
equivalent of the components.  
Multiple scattering 
For calculating the multiple scattering the Highland[2] 
parameterised form of the Moliere[3] scattering is used. 
This is found to be suitable in the case of small angles [4]. 
The procedure used follows: 
• for each energy a Monte Carlo simulation is used to 
build an ensemble of  beam particles 
• using the Highland parameterisation each ensemble 
is then propagated through the target material. The 
momentum change is accounted using the Mor-
risey[5] formula 
• the angle distribution obtained is then transformed in 
a spatial distribution and fitted through a double 
Gaussian 
 
Figure 1 shows a plot of simulated radial dose distribu-
tion for a 12C beam at 330 MeV/u in water. The depth at 
which the distribution is plotted is 199.63 mm and the 
Bragg peak depth is 201.81 mm. The difference between 
data integral and fit function integral is 2%. 
Figure 2 is showing the ratio between the dose calcu-
lated from the double Gaussian parameterisation over the 
one obtained through simulation.  The energy domain 
used in the water phantom experiment is between 320 
AMeV and 345 AMeV. A systematic underestimation of 
the data can be observed.  Nevertheless there is no impor-
tant energy dependence of the effect so that the difference 
can be overcome through scaling. Due to symmetry rea-
sons the main affected target areas are the ones lateral 
seated with respect to the beam direction.    
 
 
Figure 1. Radial distribution of a carbon beam at 330 
MeV/u together with the fit function (see text).  
 
Figure 2. Dose calculated with the double Gauss parame-
terisation over the one obtained through MC calculation. 
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At the experimental heavy ion therapy facility at the 
GSI Darmstadt an in-beam PET scanner is operated for 
quality assurance monitoring simultaneously to the thera-
peutic irradiation. A fully 3D maximum likelihood expec-
tation maximization (MLEM) reconstruction algorithm 
has been developed and adapted to the special conditions 
of in-beam PET [1]. The system response function (sys-
tem matrix) for that algorithm is implemented by sepa-
rately calculating its components (geometry, scatter, at-
tenuation and detector sensitivity).  The system matrix 
itself includes the geometry component only. The geome-
try component of the system matrix is calculated "on-the-
fly" during the reconstruction. In order to determine this 
component, the volume of each tube of response (TOR) is 
sampled by a number of lines whose endpoints are ran-
domly distributed over the crystal surfaces. The number 
of lines used in the method is called a level. The higher 
the level, the more accurate and slower is the calculation. 
We investigated the accuracy for this approach as well as 
for another method for calculating of the geometry com-
ponent of the system matrix based on the approximation 
with splines [2]. An influence of the system matrix on the 
quality of reconstructed images was evaluated for MLEM 
and ordered subsets expectation maximization (OSEM) 
algorithms using real treatment data collected during the 
therapeutic irradiations at the GSI. The accuracy of both 
methods for the system matrix calculation ("on-the-fly" 
and with splines approximation) was checked by means 
of analyzing the normalized mean square error (NMSE) 
(Fig.1 left).  The method with splines approximation 
achieves high accuracy (NMSE = 0.00047) and performs 
with the same speed as "on-the-fly" method with level 
equal to 50. For visual comparison of accuracy the system 
matrix was calculated for one TOR with the two different 
methods (Fig. 1 right). The influence of system matrix on 
the reconstruction quality was evaluated by means of an 
ensemble mean square error (EMSE) [3]. The true +β -
activity distributions were generated by means of the 
PosGen Monte Carlo code based on real treatment data of 
9 patients.  EMSE was calculated for reconstructions with 
the MLEM algorithm (50 iterations) and with the OSEM 
algorithm (8 subsets, 10 iterations). EMSE does not de-
pend significantly on the quality of the system matrix 
when reconstructions are performed by MLEM algorithm, 
but significant deviations are observed when using the 
OSEM algorithm (Fig. 2). 
As a conclusion, it is profitable to use the splines ap-
proximation method for reconstructions with OSEM algo-
rithm where higher quality of the system matrix leads to 
lower mean square error and slightly better images. How-
ever, in the specific conditions of in-beam PET (dual-
head geometry and low counting statistics) the best result 
for reconstructions performed by the MLEM algorithm by 
means of EMSE is achieved with the system matrix of 
poor quality (with "on-the-fly" method with level = 3) and 
visual comparison gives no significant difference.  
 
Figure 1:  Left: NMSE calculated for different levels for 
"on-the-fly" method comparing with NMSE for splines 
approximation method. Right: central slice of one TOR 
filled with system matrix values calculated with the "on-
the-fly" method with level equal to 5 (a), 10 (b), 20 (c), 
100 (d), 1000 (e) and with the splines approximation 
method (f).  
 
Figure 2: EMSE for images reconstructed with MLEM 
and OSEM (8 subsets) algorithms and different methods 
for calculation of the system matrix. 
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Introduction
The in-beam PET method is a valuable tool to measure
the distribution of the delivered dose in the irradiated tis-
sue in carbon ion therapy which has so far been applied to
more than 300 patients. In order to evaluate the PET data
with respect to the patient anatomy, positioning and range
of the beam [2], they need to be compared with a simulation
of the expected activity distribution [1]. Although these al-
gorithms are well adapted to the therapeutic situation, there
are differences that can be attributed to metabolic processes
taking place in living organisms, such as the predominant
perfusion-driven washout of the positron emitters. Since
comprehensive data of the washout as a function of the
tissue and the type of the radionuclides are not available,
these processes are not taken into account in the current
simulation code. In order to obtain such data, we analysed
the results of a set of in-beam PET data scans taken during
therapeutic 12C irradiation.
Patient studies
We expect a correlation between the tissue type along
the lines of response (LOR) of the positron camera and the
effective half life. The only available information in this
respect is provided by the planning CT, i.e. the Hounsfield
unit (HU). However, the mean HU, HU , along a LOR is not
sufficient for classification, the standard deviation of the
HU within each LOR (σHU ) was additionally introduced to
take into account tissue inhomogeneity (cf. Fig. 1). These
two quantities were classified into 3 different regions of in-
terest (ROI) for 14 patients. ROI I was supposed to con-
tain rather homogeneous brain tissue (e.g. brain), ROI II
was expected to include soft, but inhomogeneous tissue,
and ROI III was for bone. The anatomical mapping is dis-
played in Fig. 2. No dependence of the effective half life on
the HU and σHU was found. Therefore, we investigated
the effect of the different dose levels on the effective half
live by analysing two other groups of LOR. The first con-
tained at least ten voxels with 90 % of the maximum dose.
The second set of LOR contained voxel with 0 - 90 % of the
maximum dose with no voxel higher than 90 %. Combin-
ing data of 55 patients, a lower effective half live for the
0 - 90 % region was found (T1/2 = 71.8 ± 0.6 s) than for
the 90 - 100 % region (T1/2 = 79.5± 1.8 s) possibly due to
less perfusion in the tumour.
∗Work supported by GSI and EU (QLRT-2001-01574).
† f.fiedler@fzd.de
Figure 1: Two-dimensional histogram of the fraction of the
LOR intersecting the planned target volume as a function
of HU and σHU . The corresponding anatomical regions
for a particular patient can be seen in Fig. 2.
Figure 2: Effective half-lives in the patient according to the
ROIs defined in Fig. 1. The left figure corresponds to ROI
I, the middle to ROI II and the right to ROI III, respectively.
Conclusions
The in-beam PET data acquired during 40 s after finish-
ing therapeutic irradiation indicate that on this rather short
time scale no differentiation of tissue with respect to the
washout rate of the 12C beam induced β+-radioactivity was
observed. Therefore, if in-beam PET measurements can be
restricted to scanning times below 100 s, the influence of
tissue dependent washout processes to the spatial distribu-
tion of beam induced β+-activity can be expected to be
drastically diminished. This is expected to improve the cor-
respondence between the measured in-beam PET images
and those predicted from the treatment plan.
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Neutron dose produced by 200 MeV/u 12C beams stopping in water
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GSI, Darmstadt, Germany
To provide better data on the production of secondary
particles as input for treatment planning systems for carbon
ion therapy, experimental studies on 12C fragmentation in
water phantoms were performed at GSI. This included also
measurements on the dose contribution of secondary neu-
trons. Systematic data on the neutron dose behind a water
target were obtained in previous measurements[1], using a
WENDI-II neutron dose meter[2].
Recent studies on carbon fragmentation[3, 4] have
shown that more charged particels than neutrons emerge
from the target at small forward angles. At 0◦, the ratio of
He- to H-fragments to neutrons is about 2.6 : 1.2 : 1. This
means that a neutron dose meter placed at 0◦ is exposed to
a mixed radiation field of charged particles and neutrons.
The response of the neutron dose meter to charged parti-
cles is therefore an important question.
Response functions of WENDI-II for n, p, and 4He were
calculated using the PHITS code[5]. The response was as-
sumed to be proportional to the energy deposition in the
3He proportional counter in the core of WENDI-II. Fig. 1
shows the calculated WENDI-II responses per incident n,
p, and 4He particle respectively. The calculation predicts
that the WENDI-II scores dose when it is hit by protons or
4He particles with energies above 100 MeV/u.
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Figure 1: Response of WENDI-II to mono-energetic n, p,
and 4He particles
In previous experiments [3], energy spectra and angu-
lar distributions of secondary neutrons produced by 200
MeV/u 12C beams stopping in a 12.8 cm thick water ab-
sorber were measured with a BaF2 detector. Based on these
neutron fluence data an estimate of the neutron equivalent
dose was obtained by convolution with the fluence-to-dose
conversion factor hΦ(E). These data were compared to di-
rect neutron dose measurements performed with WENDI-
II for the same beam-target combination and at the same
distance of 3m behind the target. As can be seen from
Fig.2, the apparent neutron dose obtained from WENDI-
II is much higher compared to the dose estimate based on
the neutron fluence data, especially at small angles.
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Figure 2: Results of neutron angular distributions by 200
MeV/u 12C on 12.8 cm water
This discrepancy is attributed to the charged-particle re-
sponse of WENDI-II. Using the response-functions for pro-
tons and helium fragments shown in Fig.1 and the spec-
tral data of Ref.3 the WENDI-response was calculated with
the PHITS code. The numbers given in table1 are propor-
tional to the energy deposition in the 3He counter tube of
WENDI-II. At 0◦ only 34% of the measured signal stems
from neutrons. This number increases to 52% at 10◦ and
20◦ and 64% at 30◦. After applying these corrections to the
original WENDI-II data, good agreement with the fluence-
based neutron dose values is obtained. The neutron dose at
0◦ corresponds to a total dose of 0.5 mSv at 3m distance for
a typical patient treatment with a tumor dose of 60 GyE.
Table 1: WENDI-II response to secondary fragments
Angle Neutron 1H 2H 3H 3He 4He
0 396. 115. 154. 86. 62. 368.
5 226. 48. 51. 35. 8. 33.
10 96. 40. 27. 16. 2. 4.
20 30. 21. 5. 2. 0. 0.
30 9. 4. 1. 0. 0. 0.
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Introduction 
The inverted depth-dose profile (Bragg curve) and the 
small lateral spread of high-energy beams of 12C ions are 
important advantages for the treatment of deep-seated 
local tumors. 
The radiation field generated by heavy-ion beams in 
tissue is, however, rather complex, in particular due to the 
production of secondary nuclear fragments along the 
penetration path. In this work microdosimetric measure-
ments were performed in order to characterize the radia-
tion field of 300 MeV/u 12C pencil beams in water, espe-
cially at locations off the beam axis where the small dose 
levels are essentially due to secondary protons and α-
particles. 
Experiment 
Measurements were performed in the therapy room at 
GSI, CaveM, using a Tissue Equivalent Proportional 
Counter, TEPC1) (LET-1/2, Far West Technology, Goleta, 
CA, USA). The counter consists of a sphere shell made of 
tissue-equivalent plastic, Shonka type A150. The inner 
diameter of the sphere is 12.7 mm and the wall thickness 
1.27 mm. The inside is filled with propane-based tissue-
equivalent gas kept at 90 Torr pressure, which is equiva-
lent to 2.7 μm in diameter of human tissue. Conversion of 
pulse heights into lineal energy was done using the built-
in 244Cm alpha source (mean energy ~5.796 MeV). En-
ergy deposited by the alpha particles was calculated using 
the ATIMA code2). The output signals were split and fed 
into three amplifiers with different gains (2.5, 25 and 400) 
to obtain wide range lineal energy distribution. The cen-
tral horizontal section of the water phantom 
(30x30x30cm3) is represented in Fig.1. 
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Figure 1: Horizontal section of the water phantom (half-
side). Symbols, x, show the positions where lineal energy 
distributions were measured. 
Preliminary Results  
Lineal energy distributions measured along the beam 
axis near the Bragg peak at 15 cm and 25 cm downstream  
are shown in Fig.2. The distribution at 25cm depth (note 
the scaling factor 100) exhibits a peak at 7 keV μm-1, 
where secondary protons and α-particles mainly contrib-
ute. These particles have wide energy distributions. Fur-
ther analysis is in progress for comparing the measured y-
distributions with Monte-Carlo-based model calculations.  
Figure 3 shows the absorbed doses by secondary 
charged particles in water. It is found that the doses of 
secondary charged particles sharply decrease with the 
distance from the beam axis. The doses along the beam at 
10 cm lateral distance gradually increase with depth up to 
15 cm because of the increasing flux of secondary frag-
ments which are produced along the penetration path. 
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Figure 2: Lineal energy distributions measured at 15 cm 
and 25 cm depth on the beam axis in the water phantom. 
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Investigations on BeO as a dosimeter material for hadron therapy 
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Introduction  
Hadron cancer-therapy with high-energetic heavy-ions 
(HI) as available at the SIS facility at GSI Darmstadt [1] 
as well as the research with beams stopped in biological 
material as realized at the UNILAC at GSI in general re-
quire the precise knowledge of the applied dose within 
less than 1% in most cases. Solid state detectors based on 
various materials read out via thermally stimulated light 
emission are often used to fulfil this task [2]. 
Material and measurements 
We present investigations on the performance of BeO 
dosemeters based on Thermalox 995® pellets of 4 mm 
diameter and 0.8 mm thickness delivered by Brush-
Wellmann. Irradiations were performed at the therapy 
facility of GSI with carbon ions of energies between 88 
and 430 MeV/u. The irradiated disc have been read out 
using Optically-Stimulated-Light emission (OSL) with a 
reader of type ‘BeOmax’ [3]. 
Results
As an example, fig. 1 shows the circular wedge-shaped 
2D dose distribution for 430 MeV/u ions ranging from 0.1 
to 10.6 Gy in various steps. 
Figure 1: Contours of measured doses on top of the opti-
cal density distribution of a radiographic film for a circu-
lar dose wedge. Doses range from 0.1 to 10.6 Gy The 
steps in the contours stem from the placement of the lim-
ited amount of samples available. 
We observe a fairly good agreement between the spatial 
distribution of the nominal dose delivered and the meas-
ured contours. Figure 2 shows the comparison for the 
horizontal cut through the centre of the distribution. 
Nominal and measured values show a linear dependence 
within an error of approximately 5%. 
Figure 2: Comparison between measured and nominal 
doses for the horizontal cut through the centre of the 
wedge shaped irradiation (see fig. 1).  
The dominant contribution to the error bars arise from 
the limited accuracy of the positioning (x) of the samples 
during the irradiation. Besides this, the variation in the 
individual response of the samples to photons is in the 
order of 20 % as usually found for solid-state dosimetric 
material. Unfortunately, the calibration (y) for the indi-
vidual samples which has been performed with photons 
does not take into account effects arising form the high 
LET of the heavy ions inside each particle track. Here the 
saturation level of the material which is approx. 5 Gy for 
low-LET radiation is easily reached. This also leads to a 
loss of the measured absolute dose which is deficient by 
20% if one only takes into account the first 10 s of the 
OSL decay curve which shows a slower degradation of 
the signal with time if compared to low-LET irradiated 
samples. This may be due to the activation of deeper traps 
which usually are not taken into account in the evaluation. 
Conclusions
 Using BeO as a dosimeter material for irradiation with 
heavy ions seems to be feasible. However, the accuracy of 
these measurements has still to be improved in order to 
cope with the needs of medical devices. Moreover, more 
precise and detailed measurements are needed as input for 
the development of a theoretical model including the ef-
fects of high-LET radiation. 
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Status Report of the HIT Project 
U. Weinrich for the GSI therapy accelerator team
Abstract
Major progress of the Heidelberg ion beam cancer ther-
apy centre took place in 2006.  The assembly of the full 
accelerator up to the fixed beam patient treatment rooms 
was performed. The LINAC commissioning with beam 
has recently been completed and the first technical sub-
systems have been handled over to the HIT GmbH, the 
company which is charged with the operation of the facil-
ity. In January of this year the commissioning of the ac-
celerator sections with beam has started; in addition the 
assembly of the Gantry could  also be started. 
The main focus of the present work is to establish the 
accelerator functionality, to lead the ion beams to patient 
rooms and to reach a beam quality capable for patient 
treatment. 
Building and technical infrastructure 
The building and the corresponding technical infrastruc-
ture were completed. This includes the clinical part of the 
building as well as the offices. The finishing of the Gantry 
part the building can only be started after the assembly of 
the main Gantry components will be performed, which is 
scheduled for spring 2007. 
Figure 1: Overview of the building in summer 2006 
Progress of the Accelerator System 
By the end of the year the delivery was completed for all 
magnets, all vacuum chambers, the ion sources, the Linac 
RF system and the synchrotron RF system. Nearly all 
power supplies were delivered and the beam diagnostic 
[1] is complete with the exception of some isocenter di-
agnostic. 
The year 2006 was marked by the assembly and adjust-
ment work of the accelerator components, the cabling and 
connection work, the following commissioning of the 
components without beam and the integration into the 
accelerator control system.  
Despite the compact size of the accelerator the work was 
done in a highly parallel manner. As an example rough 
assembly work took place in the Gantry room while con-
nection work was done in the high energy beam transport 
line, the synchrotron components were commissioned 
without beam, and beam was optimised in the Linac part. 
Figure 2: Fully assembled High Energy Beam Transport 
line 
Acceptance tests of the two ECR ion sources of SUPER-
NANOGAN type could be successfully performed with 
good long term stability and ion currents, partly exceed-
ing design currents, shown in Table 1. 
Ion Extr.voltage (kV) Ion current (eµA) 
12C4+ 24 200 
1H3
1+ 24 700 
3He1+ 24 500 
16O6+ 21,3 150 
Table 1: specified ion species and intensities 
At the end of 2006 the beam commissioning of the Linac 
could be preliminary finished leading to a current of 12C4+
about 30 µA after the IH-section at 7 MeV/u. [1], [3] 
In parallel theoretical analysis with the DYNAMION 
simulation code took place to investigate the origin of the 
major losses mainly observed at the RFQ-section, taking 
into account the measured size and distribution of the 
emittance in front of the RFQ [4].  
Furthermore the ion sources and the synchrotron RF were 
handed over for permanent operation towards the HIT 
GmbH in December 2006; the other systems of the Linac 
systems will follow in a rapid order. The staff of the HIT 
GmbH was also trained accordingly.  
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The Synchrotron and the High Energy Beam Transport 
line to the two fixed beam stations are assembled and the 
commissioning without beam is nearly finished. 
Progress of the Gantry System 
The detailed layout for the Gantry to serve the third pa-
tient treatment room was finalised by the company MT 
Aerospace [6] [6]  
Figure  3: Final Gantry layout 
The delivery of the main Gantry structure was delayed to 
the beginning of January 2007.  
The accelerator assembly for the Gantry and quality as-
surance place is foreseen to be finished and connected to 
the existing accelerator sections in summer 2007. 
Figure 4: Gantry room with main Gantry supports 
A temporary wall has been installed in the High Energy 
beam line area, which allows that these assembly activi-
ties can be performed while the beam commissioning test 
in the synchrotron and High Energy beam line take place.  
Accelerator and Treatment Technique 
The two Patient Rooms for the fixed beam stations have 
been nearly fully equipped with the treatment technique 
components from Siemens Medical Solutions in close 
collaboration with the accelerator components installa-
tion. 
General Project Evolution 
Beam commissioning hat taken place until the end of 
the Linac. The main focus of the present work is to lead 
the ion beams to patient rooms and  to reach a beam qual-
ity suited for patient treatment.  
In 2006 GSI has played the major role in the commis-
sioning of the HIT accelerator and will maintain this role 
for the commissioning of the Gantry as well as for the 
beam optimisation towards the first patient all throughout 
the year 2007. 
A lot of intense discussion took place between GSI and 
the university hospital to set up the necessary procedures 
for the final operation such as the maintenance strategy 
including qualified personal and spare parts, the safety 
aspects, or the project documentation. 
The beam commissioning activities are planned within a 2 
and 3 shift organization; according to the present schedule 
the beam quality for patient treatments at the two horizon-
tal treatment places should be available late summer 
2007. For the Gantry branch the start of beam commis-
sioning is scheduled at the beginning of  2008 aiming at 
beam properties suitable for patient treatment around 
middle of 2008.      
Since the therapy accelerator will be approved in ac-
cordance to the European Medical Device Directive, 
much effort was and still has to be done into this direction 
as well. The according quality assurance activities for the 
treatment system, supplied by Siemens, will cover a sig-
nificant part of the commissioning time.  
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Linac Commissioning for the Heavy Ion Cancer Therapy Facility HIT 
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1GSI, Darmstadt, Germany
Abstract 
 The accelerator part of the clinical facility for cancer 
therapy HIT using energetic proton and ion beams (C, He 
and O) has been installed during 2006 at the Radiolo-
gische Universitätsklinik in Heidelberg, Germany [1]. The 
commissioning of the injector linac was performed in 
three steps for the LEBT, the RFQ and the IH-DTL and 
has successfully ended in December 2006. Some major 
results are briefly reported in this contribution. 
Introduction 
The commissioning of the linac shown schematically in 
Figure 1 was done in three consecutive steps as listed in 
Table 1 starting in April 2006 [2][3]. For each commis-
sioning step a dedicated beam diagnostics test bench was 
designed to allow for beam current-, profile-, energy- and 
emittance measurements. Different ion species were used: 
H2+, H3+, 3He+, 4He2+, 12C4+ and 16O6+. In this contribution 
selected results for 12C4+ are reported. 
Profile grid
L2DG1Profile grids
N1DG1/2
Profile grid
I1DG3
 
Figure 1: Overview of the injector linac (solenoids SOL, 
quadrupole triplets QT, doublets QD, singlets QS). 
Table 1: Assembly and commissioning milestones. 
LEBT 
Figure 2 shows a typical ion source spectrum obtained 
for carbon operation. The specified intensity of the sepa-
rated 12C4+ beam from the ion source is 200 eµA. The 
beam profiles along the LEBT are shown in Figure 3 (for 
the grid positions compare to Figure 1). For this setting a 
beam current of 184 eµA corresponding to a transmission 
of 92 % in the LEBT was achieved. 
 
Figure 2: Ion source spectrum for carbon operation. 
 
Figure 3: Beam profiles along the LEBT for 12C4+. 
RFQ 
Before installation of the RFQ in Heidelberg, the RFQ 
had been investigated and tested with proton beams at a 
dedicated test bench at GSI [4]. As an example of meas-
urements performed in Heidelberg, Figure 4 shows the 
energy of the 12C4+ beam behind of the RFQ versus the 
tank voltage. The working point of the RFQ is marked, as 
well as the energy range required for injection into the 
adjacent IH-DTL. 
 
Figure 4: Beam energy measurements versus tank voltage 
to determine the RFQ working point for 12C4+. 
November 05 
− March 06 
LEBT, 
ECRIS 
installation & functional tests  
of components 
April / May 06 ECRIS 
May – July 06 LEBT successful beam commissioning 
July / August 06 RFQ installation of RFQ & testbench,  RF commissioning 
September 06 RFQ beam acceleration to 400 keV/u 
October 06 IH-DTL completing of linac with IH-DTL & stripper-section 
November 06 IH-DTL RF commissioning 
December 06 IH-DTL first 7 MeV/u C6+ beams (35 eµA) 
N1DG1 
N1DG2
L2DG1
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IH-DTL 
Beam profiles and current behind the IH-DTL [5] are 
shown in Figure 5 and Figure 6. The beam current of 
35 eµA behind the IH-DTL corresponds to a transmission 
of 19 % of the linac; a total 12C6+ current of 50 eµA be-
hind the stripper foil has been achieved. 
 
Figure 5: Beam profiles behind the IH-DTL as measured 
during commissioning for a 12C4+ beam. 
 
Figure 6: 12C4+ beam current behind the linac. The 
achieved transmission is about 19 %, macro-pulse length 
300 µs. 
Amplitude and phase scans were performed as shown in 
Figure 7 to determine the working point of the IH-DTL. 
For each setting the energy, the transmission and the 
emittance of the beam were measured. This was repeated 
for different LEBT and RFQ settings.  
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Figure 7: Energy and transmission of the 12C4+ beam be-
hind the linac depending on IH amplitude and phase. 
Exemplary a measured horizontal emittance for 12C4+ 
beam at the working point is shown in Figure 8. The main 
results for 12C4+ are summarized in Table 2. 
 
Figure 8: Horizontal emittance of the 12C4+ beam behind 
the linac with εh, 4 × rms = 4.4 π mm mrad. 
Table 2: Main results for 12C4+ beam behind the IH-DTL. 
E / MeV/u εh, 4 × rms  
/ π mm mrad 
εv, 4 × rms 
/ π mm mrad 
transmission 
7.00 4.4 5.3 19 %  (35 eµA) 
Summary and Outlook 
The linac was successfully commissioned in 2006 for 
proton, carbon and oxygen ions. Yet the achieved beam 
intensities behind the linac are up to a factor of 3 below 
the design values. The parameter sets for 3He+ and 16O6+ 
are incomplete as these ion species were not or only 
partly used for the linac commissioning.  
In parallel to the commissioning, extensive beam dy-
namics simulations in particular using the DYNAMION 
[6] and LORASR [5][7][8] codes have been performed 
for a better understanding of the measured results. Further 
investigations for improvement of the transmission are 
still going on, in particular concerning the front-end sole-
noid and RFQ. 
The authors would like to thank all colleagues from 
GSI and HIT for their cooperation and support during 
beam commissioning.  
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Beam dynamics simulations for the HIT-LINAC  
S. Yaramyshev, W. Barth, A. Orzhekhovskaya 
Abstract 
The commissioning of the injector linac of the 
Heidelberg ion beam therapy facility (HIT) is 
preliminary finished [1].  
The main goal of the beam dynamics study with the 
DYNAMION code [2] (carried out in parallel with the 
commissioning) was to estimate the maximum possible 
transmission for the HIT front-end system, namely for 
the solenoid and the RFQ. The results of the 
simulations from ion source to the solenoid showed 
good coincidence with the previous calculations done 
during design stage 
As a first step, an adequate description of the linac 
elements was carried out. All geometrical data, 
available from the external calculations, measurements, 
specifications and tables for the machining, were used. 
Dedicated subroutines of the DYNAMION code 
precisely calculate the 3D electrical field in the RFQ 
and DTL. Also the misalignments of the linac elements 
can be defined for the simulations.  
Emittance measurements 
An RFQ acceptance of 330 mm*mrad (12C4+) was 
calculated analytically and, as well, obtained from the 
dedicated simulations. The measured beam emittance 
after the LEBT is about 300 mm*mrad (at 90% level of 
intensity).  
 
Fig. 1.  Beam emittance in the horizontal phase space 
X-X' measured behind the solenoid.  
The final beam focusing to the HIT-RFQ is made by 
a solenoid. During commissioning of the LEBT  
several measurements of the beam emittance (Fig. 1) 
had been done (50 cm behind the solenoid). The 
distance from the solenoid to the RFQ entrance is only 
about 10 cm. The magnetic field of the solenoid was 
varied in the range from 40% to 60% of the nominal 
value to provide for a reasonable beam size at the 
position of the measurement device. A dedicated 
procedure for reconstruction of the particle distribution 
from the emittance measurement data was developed.  
Front-end simulations 
Data of the magnetic field measurements were used 
for the reconstruction of the solenoidal field. A dipole 
component in the field distribution was observed. The 
solenoid was transversally tilted to compensate the 
influence of the field to the particle motion. Taking 
into account the non-uniformity of the field, the 
particle motion was simulated backward through the 
displaced solenoid and again forward, but with the 
design value of the solenoidal B-field. 
The forward simulations through the solenoid with 
the measured field and the reconstructed particle 
distribution resulted in a total emittance growth of  
15% (90% of particles). The calculated macroparticle 
distribution at the RFQ entrance in the horizontal phase 
space is shown in Fig. 2; the vertical one is similar. 
The ellipse represents the RFQ acceptance. As shown, 
a significant number of particles is outside of the 
acceptance due to the emittance deformation. This was 
illustrated by simulations for the RFQ with C4+ ions, 
when a particle transmission of about 50% was 
calculated (measured for C4+ ions is about 25%).  
 
Fig. 2 Particle distribution (X-X' phase space) at the 
HIT-RFQ entrance.  
Our recent calculations for the particle transmission 
through the HIT front-end don't show essential 
difference between ideal (axis-symmetrical) and real 
solenoids (with recent settings of the machine). It can 
be assumed that the dipole field component in the real 
solenoid is partly compensated by its tilt. More detailed 
study of the measured solenoidal field approximation 
and of the reconstruction of the particle distribution is 
possible. Nevertheless a serious increase of the 
calculated transmission is not expected. 
The particle transmission for the whole front-end 
system can be significantly increased by changing the 
matching conditions at the RFQ entrance, what 
requires minor modification at the beginning of the 
RFQ electrodes. A similar upgrade of the HSI RFQ 
was successfully realized in 2004. 
[1] B. Schlitt et al., LINAC-06, Knoxville, 2006 
[2] S. Yaramishev et al., NIM A, Vol 558/1 (2005) 
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Assembly and RF Tuning of the IH-DTL for the HIT LINAC 
G. Clemente 2, H. Vormann 1, Y. Lu 2, S. Minaev 3, R. Tiede 2, 
B. Schlitt 1, R. Fuchs 1, C. Will 1 and U. Ratzinger 2 
1GSI, Darmstadt, Germany; 2IAP, Frankfurt, Germany, 3ITEP, Moscow, Russia .
Abstract 
The 20 MV, 217 MHz IH-DTL for the HIT facility has 
been assembled and mechanically aligned until July 2006. 
RF tuning of the 3.8 m long tank with 56 gaps has been 
done from April to October 2006. The beam commission-
ing at the HIT facility in Heidelberg was performed suc-
cessfully in December 2006. 
Assembly 
Alignment plates had to be invented to adjust the side 
walls of the middle frame against the stiff lower half shell 
of the tank. The copper plating of the cavity at GSI 
worked properly besides a rather thick layer on the seal-
ings which resulted in a frequency shift of −0.7 MHz. 
The three quadrupole triplet lenses inside the tank are 
directly connected to the lower tank half shell. The maxi-
mum transverse deviations of individual quadrupoles 
amount up to ±0.2 mm after the final alignment – a factor 
of 2 more than specified but still tolerable, as checked by 
LORASR beam dynamics simulations (Fig. 1). 
We would like to thank our GSI colleagues T. Det-
tinger, N. Bönsch, J. Cavaco and N. Kischnick for their 
committed workmanship at copper plating and assembly. 
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Fig. 1: Beam envelopes for ideal lense positions (thin line) and real 
pos. (bold line, hor. deviat. Δx [mm] Q11 -0.02, Q12 +0.05, Q13 -0.07, 
Q21 -0.17, Q22 -0.20, Q23  +0.02, Q31 -0.05, Q32 -0.10, Q33 -0.11). 
RF Tuning 
Usually, three goals have to be reached during the final 
RF tuning of an RF cavity: the requested operation fre-
quency in combination with convenient positions of mov-
able plungers, the quality factor to meet the power loss 
specifications and finally, the gap voltage distribution 
according to beam dynamics simulations [1]. 
 
 
Fig. 2: Sketch of the IH-DTL. Four DTL sections are sub-
divided by three lenses; movable plungers P1 and P2. 
The HIT IH cavity (Fig. 2) offers plane surfaces along 
the upper and lower half shells to mount inductively act-
ing bodies. Besides the usual way of tuning the capacity 
distribution along the drift tube structure, it is now possi-
ble to tune the gap voltage distribution while moving the 
resultant operation frequency up or down as needed to 
reach the design frequency.  
The RF tuning was finished successfully in October 
2006, resulting in a gap field distribution as shown in 
Fig. 3. The sum gap voltage deviation per section is less 
than 1 % [2]. 
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Fig 3: Resulting on axis electric field distribution, the 
maximum corresponds to 180 kV/cm. 
 
Two movable plungers are mounted (Fig.2). Due to the 
high sensitivity of the gap voltage distribution only a 
small tuning range of about ±50 kHz can be recom-
mended for stable beam operation. As the RF duty factor 
is below 1 % and the thermal drift was measured to be 
−400 Hz/K only, this tuning range is sufficient. On the 
other hand, the different dielectric constant causes a fre-
quency shift of +62 kHz under vacuum conditions and 
must be considered at the RF tuning. Finally, it was even 
decided to keep one plunger fixed while the RF frequency 
control is performed with plunger P2 only. 
 
List of measured parameters: 
Design ion C 4+ 
Energy range 0.4 – 7.0 A MeV 
Quality factor 15200 
Voltage gain 19.8 MV 
Cavity length 3.76 m 
RF power losses ≈ 850 kW 
Eff. shunt impedance ≈ 125 MΩ/m 
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Beam Diagnostics for HIT 
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Introduction 
In 2006 the GSI beam diagnostic group delivered and 
commissioned the total amount of 92 Beam Diagnostic 
(BD) devices for the HIT facility (Heidelberger Ionen 
Therapie).  The delivery of the BD equipment [1] is part 
of the GSI project to construct a dedicated accelerator 
facility for tumor treatment at the Heidelberg university 
clinics. A contract about the delivery of beam diagnostic 
components for HIT was signed in 2003 between the 
University Clinics and GSI. After successful functional 
acceptance tests, the relevant part of the components was 
used for the commissioning of the Low Energy Beam 
Transport (LEBT) and Linac section (see [2]).  
Beam Diagnostics for Commissioning  
At the beginning of 2006 the construction of the HIT 
accelerator building was finished. The installation of the 
Linac part, including all beam diagnostic equipment, was 
organized in three commissioning steps. Prior to each step 
functional acceptance tests of the included BD compo-
nents had to be carried out under supervision of HIT 
GmbH, the operation company. 
The layout of the LEBT and Linac section is shown in 
Fig. 1. For the stepwise commissioning of 1) the ion 
sources and Low Energy Beam Transport (LEBT), 2) the 
400 keV/u RFQ and 3) the 7 MeV/u IH-structure, meas-
urements of all relevant beam parameters (beam intensity, 
profile, energy etc.) were performed using the delivered 
HIT BD devices.  
Additionally, each step involved a dedicated diagnostic 
measurement setup at the end of the marked (Fig. 1) beam 
transport section, including a mobile setup for emittance 
measurements (MobEmi). 
BD for commissioning of LEBT 
The LEBT section was mounted in March 2006 includ-
ing all BD devices and on March 30th all BD systems of 
the LEBT passed the functional acceptance test. Commis-
sioning of the LEBT section was carried out from May to 
June 2006. This section includes 5 Faraday-cups, 2 Tanta-
lum viewing-screens, 4 Profile grids and 2 DC-
transformers. The BD components in the ion source 
branches were especially designed to withstand the rela-
tively high dc-beam power of up to 360 W at a very small 
penetration depth of approx. 100 nm. The diagnostic 
setup at the RFQ input location (pos. 1 in Fig. 1) included 
1 additional profile grid, 1 Faraday-cup and the MobEmi.  
An important task of the LEBT commissioning was to 
align the ion beam with the geometrical axis of the ion 
optical system by using profile grids. The profile grids 
presented in Fig. 2 have 64 wires per plane (horizontal 
and vertical) with a wire spacing of 1.2 mm. For standard 
measurements the signals of two adjacent wires are com-
bined, thus reducing the number of electronic channels 
needed.  
Detection of the dc-beam current in the two source 
branches is performed using water-cooled Faraday-cups. 
Two Faraday-cups installed at the exit of each of the 
spectrometer magnets are used for taking the mass spec-
trum of the ion beam. 
As a result of the LEBT commissioning a full set of op-
erational parameters for the beam optics was elaborated 
and the transmission of the LEBT was maximized to more 
than 90% for all utilized ion species, i.e. protons, carbon 
and oxygen ions. 
BD for commissioning of RFQ 
In September 2006 the commissioning of the RFQ-
structure was performed. At this stage the primary task 
was the precise measurement of the beam energy in order 
to tune the RFQ to the design energy of 400 keV/u. For 
this purpose the measurement setup (MobEmi) at the exit 
Figure 2: Online display for two profile grids; x- (left) 
and y-grid layer (right); vertical line: center of mass 
Figure 1: HIT linac (ECR: ECR ion source, SOL: so-
lenoid, QS, QD, QT: quad singulet, duplet, triplet). 
The numbers indicate the positions of the test setup 
for the 3 commissioning steps. 
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of the RFQ (pos. 2 in Fig. 2) was additionally equipped 
with 3 phase probes for the detection of the beam energy 
by the time-of-flight (TOF) method. The beam energy is 
calculated online via a cross-correlation of the signals of 
two successive phase probes. Fig. 3 shows the signals 
measured using 4 GSa digitizer boards [3]. The phase 
shift of the two probe signals, reflecting the time of flight, 
is clearly visible in the plot. 
Using profile grids before and after the RFQ a beam 
alignment procedure was performed also for this section. 
By combining the measurement results with ion optical 
simulations the integrity of all devices of the beam trans-
port system, i.e. steerers, solenoid, dipoles, quadrupoles, 
was checked and operational parameters were derived. 
BD for commissioning of IH-DTL 
The commissioning of the 7 MeV/u IH-DTL was car-
ried out in December 2006. In this case the measurement 
setup at the exit of the IH-DTL (pos. 3 in Fig. 2) was 
matched for the higher beam energy. In order to achieve 
an energy-resolution of ΔE≈5keV/u the distance between 
the phase probes was extended.  
This energy resolution is sufficient to monitor the state 
of the stripping foils located in the first diagnostic cham-
ber after the quadrupole triplet at the high-energy end of 
the IH-DTL. The position of the foil stripper is between 
the two phase probes used for the TOF measurements. 
Therefore the energy loss of the ion beam passing the 
carbon stripping foil, which is a measure also for the foil 
thickness, can be detected using the TOF setup. 
During IH commissioning the beam energy was meas-
ured as a function of the rf amplitude and phase in order 
to define the working point of the rf system. The 8 chan-
nel digitizers used for TOF measurements also allow the 
detection of the phase relation of the linac rf cavities. E.g. 
the decoupled rf signal of the RFQ tank can be measured 
together with the rf signal of the IH-DTL. This is an im-
portant means to control the phase stability of the acceler-
ating cavities with respect to the master oscillator.  
Outlook: Synchrotron Commissioning 
The delivery of the BD components for the synchrotron 
and HEBT (high energy beam transfer) section was com-
pleted until summer. On July 25th 2006 all BD systems 
passed the functional acceptance test on site.  
The synchrotron is equipped with 6 beam-position 
monitors (1 BPM per period), 6 mobile Beam-loss moni-
tors, 1 AC- and 1 DC-transformer, 1 viewing screen for 
first turn analysis and 2 pairs of Schottky-pickups. The 
BPMs were especially designed and matched to the pa-
rameters of the HIT synchrotron [4]. 
Fig. 4 shows a photo of period S2 of the synchrotron 
including the horizontal and vertical pairs of plates for 
Schottky measurements. This setup can be used also for 
tune measurements, by switching the rf-relais on the out-
side of the vacuum chamber to power amplifiers for beam 
excitation. In this mode the signal of one BPM will be 
connected to a network analyzer for the detection of the 
beam transfer function. 
For synchrotron commissioning the first turn analysis 
using a viewing screen installed in period 1 (just before 
the re-entry into the injection septum) will be of great 
importance. The target material P43 of the viewing screen 
is optimized for the detection of low intensity ion beams 
and the optical decay time of 1 ms is adequate in order to 
preserve the time structure of the beam profile [5]. 
The MEBT (medium energy beam transport) section 
was commissioned in January 2007 and in February the 
first beam was injected into the HIT synchrotron. The 
signal of the 300 μs linac macropulse was primarily de-
tected on the BPM in period 1. After only three more days 
of commissioning the first turn was achieved and the 
beam was detected on the first turn viewing screen. The 
synchrotron BD is prepared for the first multi-turn injec-
tion. 
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Figure 4: Synchrotron period S2: dipole, Schottky-
pickups, hexapole, quadrupole (from right)
Figure 3: Online calculation of the beam energy 
after the RFQ (E=0.398(2) MeV/u) 
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Fast measurements of single Bragg peaks with an active multi-plane phantom 
B. Voss*, M. Henske, A. Heinz, H.J. Junk, H. Risch 
GSI, Darmstadt, Germany 
Introduction  
Hadron cancer-therapy [1] with high-energetic heavy-
ions requires the precise knowledge of the energy of the 
primary beam using an method independent from the ac-
celerator. This may be obtained by measuring the range of 
the impinging particles. Currently, this task is performed 
with a system consisting of a water column with remote 
controlled variable thickness flanked by two ionization 
chambers (IC). The energy-loss in the IC installed up-
stream of the setup serves to normalized the signal of the 
second IC to the beam intensity. Recording this quantity 
for various thicknesses of the water absorber allows to 
trace and determine the position of the Bragg-Peak, which 
coincides with the maximum reading of the second IC. 
Moreover, the shape of the curve is an additional charac-
teristic feature to be checked. Checking the constancy of 
the associated material thickness is done during the prepa-
rative phase of every beam time. 
The precision of this setup is limited e.g. by the accu-
racy of the stepper motor used to steer the thickness of the 
water absorber. The sum of all contributions is in the or-
der of 100 μm. The measurement of one point of the 
curve requires one extraction cycle of the SIS of 5 s, 
which sums up to a total of 10 to 15 minutes per Bragg-
Peak measurement. Thus the total constancy check re-
quires approximately 1.5 hours of beam time for a repre-
sentative set of energies. It is our aim to minimize this 
load to only a few seconds per energy. For this purpose, a 
set of staged ICs has been built which is handy enough to 
be used during even daily checks. 
Material and measurements 
The detector setup (see fig.1) with outer dimensions of  
220x250x690 mm3 and a weight of 18 kg consist of 
60 Lucite© (PMMA) plates, each 5 mm thick forming the 
high-voltage layers of adjacent ICs. Their design is sym-
metric concerning high-voltage and signal layers made of 
13 μm thick aluminized Mylar© foils in the centre of a 
twofold 3 mm active gap. The detector can be operated at 
max. ±1200 V with air as detector medium. The whole 
construction is modular for ease of maintenance and 
adoption to the experimental needs. The different ICs are 
densely flanged together in order to form one unit with a 
total thickness of 36.2 ±0.1 cm, which is enough to stop 
all primary carbon beams used for therapy at GSI. The 
relatively large active area of 96x96 mm2 allows to col-
lects all charges deposited by the pencil beam on the opti-
cal axis. Position adjustment to this axis was done with a 
precision below 1 mm by laser and surface masks. 
The readout electronic [2] is based on a VLSI chip, 
working according the recycling-capacitor technique. 
LabVIEW-RT software is used to record and visualize the 
data. 
Figure 1: Front photo of the phantom. 
Figure 2: Measured (points) and calculated (lines) [3] 
Bragg-peaks for selected carbon-beam energies between 
93 and 429 MeV/u. 
Results, Conclusions & Outlook 
Despite the fact, that data analysis is still ongoing we 
can state, that choosing adequate intensities of the pri-
mary beam one may separate the different Bragg-Peaks. 
The comparison between TRiP98Beam calculations [3] 
and the measurements (see fig. 2) reveal sufficient agree-
ment. Nevertheless, the granularity of the universal, ho-
mogeneous setup is not best suited to resolve the peaks 
for all energies. Consequently, we will modify the setup 
using thinner (e.g. 7 μm) absorbers at least for a subset of 
the layers. 
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Introduction  
There are two main motivations for the detector devel-
opment we report on here. First: Hadron cancer-therapy 
with high-energetic heavy-ions as available at the Schwer-
Ionen Synchrotron (SIS) facility at GSI Darmstadt [1] or 
at the dedicated facility HIT [2] in Heidelberg in general 
requires the precise knowledge of the beams position. 
Detectors based on wire planes are applicable but they 
introduce inhomogeneities changing the beam quality. 
Second: Applications where the energy-loss of traversing 
particles is independent from their position like the opera-
tion within high-resolution magnetic spectrometers (e.g. 
the FRS at GSI) require homogeneous thicknesses of all 
material placed in the beam. Gaseous Electron Multiplica-
tion GEM [3] in combination with foil-type signal anodes 
are favourable because of their improved homogeneity 
compared to standard multi-wire detectors which spoil the 
resolution of the magnetic separation. 
Material and measurements 
We examined the performance of  a very homogene-
ous detector composed of two-fold amplification layers 
realized with four-sector GEM foils in standard configu-
ration: 50 μm thick Kapton©, 50 μm hole diameter with 
140 μm pitch. The structure of the detector layers is kept 
modular for easy exchange and maintenance of the signal 
and amplification layers.  
The active area of the detectors is limited by the 
GEMs to 200x200 mm2. These layers are installed in 90° 
configuration glued to separate PCB-frames with a dis-
tance of 4 mm. They are operated at -2.5 kV and -1.5 kV, 
respectively and are mounted in 4 mm distance in front of 
an anode with strip-design forming the signal layer. Strip 
width is 1.5 mm with a spacing of 0.5 mm. The signals of 
every strip is fed trough the detector housing giving the 
opportunity to apply various readout concepts. During 
first test in the laboratory we successfully tested a delay-
line readout which minimizes the electronic complexity. 
The readout used in the beam experiment is based on a 
VLSI chip [4], working according the recycling-capacitor 
technique digitizing the signal of every individual strip. 
LabVIEW-RT software is used to record and visualize the 
data. Measurements have been performed at CaveM at 
GSI. Position spectra of carbon pencil-beams for various 
energies between 89 and 430 MeV/u, several beam width 
and intensities of up to 2x108 pps have been recorded.   
Results, Conclusions & Outlook 
The detector worked to a satisfying extent detecting the 
pencil-beam as shown in fig. 2. The feasibility of a GEM 
based device has been proven for an operation under ther-
apy conditions with narrow pencil beams. Nevertheless, 
there are still various technological problems to be solved. 
More detailed measurements are necessary to prove the 
feasibility for a scanned beam applying the standard elec-
tronic [5] used at CaveM. 
Figure 1: Picture of the GEM-foil (left) and the structure 
of the strip-line signal layer (right). 
Figure 2: Examples of the charge spectra recorded on the 
strips (bars) of the anode layer for beam width at different 
positions for a beam energy of 200 MeV/u as a showcase. 
The Gaussian fits reveal a good agreement between the 
nominal and the measured width for the non-scanned 
beam. The intrinsic resolution of the strip-type anode has 
been subtracted. 
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Measurement of the carbon ion micro-structure after KO extraction 
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Abstract: The micro-structure of carbon ion beams 
was measured in the energy range of therapeutic in-
terest after knock-out extraction, which will be estab-
lished at the upcoming ion beam facility in Heidelberg. 
The measured widths of the beam bunches were com-
pared with those obtained after the slow resonant ex-
traction technique, which is currently used at GSI for 
ion therapy. The positive implications of KO extrac-
tion for applications to in-beam PET are discussed.  
 
The residual micro-structure (i.e., bunched structure at 
the sub-microsecond time scale) of the extracted beam is 
responsible for time-correlated prompt radiation follow-
ing nuclear interactions of the primary ions in the target 
[1,2]. This originates a background of random coinci-
dences in in-beam PET measurements which cannot be 
suppressed by standard random correction techniques 
well established in nuclear medicine tracer imaging [2]. 
To improve the very low statistics of usable events for 
PET imaging, solutions have been proposed which allow 
recovery of the subset of β+-activity coincidences meas-
ured in the time of no ion occurrence during the micro-
pulsed beam extraction (spill) [3].  
The efficiency of the method depends on the ratio be-
tween the width of the micro-bunches and the radio-
frequency repetition period. Previous investigations were 
done at GSI using the slow resonant (SR) extraction tech-
nique which is currently adopted for carbon ion therapy 
[2]. At the upcoming hospital based facility in Heidelberg, 
the knock-out (KO) extraction technique will be used. 
Therefore, the micro-structure of the beam after KO ex-
traction was measured and compared with new values 
acquired after slow resonant extraction under the same 
conditions.  
Low intensity (106 s-1) carbon beams of 5 discrete en-
ergy steps (about 89, 100, 280, 321 and 426 MeV/u) were 
produced. Timing information of the extracted ions was 
obtained from the pulses of the BC400 plastic scintillation 
detector of the beam diagnostic system, similar to the 
experiment of [2]. The record of the ion arrival time with 
respect to the phase of the synchrotron radio-frequency 
was determined using the ABLASS system [4].  
Preliminary time correlation results obtained from the 
online analysis of the ABLASS system clearly indicate a 
smaller beam spread (i.e., bunch width) when using KO 
extraction, as shown in figure 1. Also, the variation of the 
bunch width is found to be much more stable over the 
spill in the case of KO extraction, resulting in the smaller 
error bars of figure 1.  
These beam properties would translate in a twofold ad-
vantage for in-beam PET applications. In fact, reduced 
bunch width for the same radio-frequency period ensures 
a larger fraction of usable coincident events to be recov-
ered during the spill for the same macroscopic beam in-
tensity and spill duration. Further, the stability of the 
beam micro-structure over the spill enables safe applica-
bility of the RF-phase information to trigger the PET data 
acquisition for in-spill separation of the corrupted events 
acquired during the beam bunch from the usable coinci-
dences acquired outside the beam appearance [3]. A more 
detailed off-line analysis of the newly measured data as 
well as a comparison with the previous SR experiment is 
ongoing and a quantification of the expected advantages 
of KO over SR extraction for in-beam PET applications 
will be reported soon.        
Figure 1: Bunch widths (standard deviation) from the 
online analysis of the ABLASS system for the data ac-
quired after KO and SR extraction at different beam ener-
gies. The larger error bars for the SR data reflect the 
measured variation of the bunch width over the spill.  
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Status of the Linac for the Italian Hadron-Therapy Centre CNAO 
B. Schlitt, C. Kleffner, A. Reiter, H. Vormann, R. Bär, M. Hörr, G. Hutter, G. Riehl and W. Vinzenz 
GSI, Darmstadt, Germany
Abstract 
During 2006, the RFQ for the CNAO injector linac was 
tested successfully with proton beams at the RFQ test 
bench at GSI. Final acceptance tests of the beam diagnos-
tics components to be delivered by GSI were also per-
formed at the RFQ test bench. The IH tank was delivered 
to GSI and the drift tube structure was assembled in the 
tank after copper plating of all components. 
Introduction 
The Italian hadron-therapy centre CNAO (Centro Nazi-
onale di Adroterapia Oncologica) [1][2] is presently under 
construction in Pavia, Italy, about 30 km south-western of 
Milan. The centre will be devoted to the treatment of 
deeply-seated tumours with proton and light ion beams 
and to clinical and radiobiological research. The design of 
the CNAO accelerator is based on the Proton-Ion Medical 
Machine Study (PIMMS) and consists of two ECR ion 
sources, a 7 MeV/u injector linac, which is identical to the 
linac of the Heidelberg ion therapy centre HIT [3][4], and 
a 400 MeV/u synchrotron.  
In July 2004, a contract between CNAO and GSI was 
signed regarding the construction and commissioning of 
the CNAO linac. All components for the linac were or-
dered by CNAO from the same companies as for the Hei-
delberg project. GSI delivers technical support in the or-
der processing of all linac components, is in charge of the 
copper plating, assembly and RF tuning of the linac struc-
tures (together with IAP), performs numerous pre-tests 
and will also deliver support during installation and 
commissioning of the linac on site in Pavia. In an adden-
dum to this contract, the delivery of various beam diag-
nostics elements for the CNAO LEBT, linac and MEBT 
by the GSI beam diagnostics group was agreed [5][6]. 
RFQ Test Bench 
The RFQ for CNAO was delivered by NTG in late 
2005 to Frankfurt University (IAP), where the assembly, 
the alignment and the low-level RF tuning of the RFQ 
structure were done. The RFQ was delivered to GSI in 
April 2006. In July 2006 the CNAO 200 kW RF amplifier 
was delivered by THOMSON to GSI.  
The test bench was modified with respect to the test 
bench used for the Heidelberg RFQ [7][8]. The MUCIS 
ion source was now installed inside the HOSTI terminal 
and the test bench was shifted towards the terminal. All 
components for the Heidelberg project were dismounted 
and were replaced with vacuum and beam diagnostics 
components for CNAO (phase probes, AC transformer, 
profile grid and Faraday cup). First beam tests were per-
formed in September 2006. High power tests are planned  
during the RFQ commissioning in Pavia in 2007. 
 
 
 
 
Figure 1: View and sketch of the RFQ test bench at the 
GSI HOSTI terminal equipped with RFQ and beam diag-
nostics components for CNAO. 
As shown in Fig. 1, a solenoid matches the proton 
beams to the RFQ entrance. A magnetic quadrupole dou-
blet focuses the accelerated beam transversely into a drift 
section for time-of-flight (ToF) energy measurements. 
The maximum distance between the capacitive phase 
probes was reduced to 0.4 m in order to eliminate de-
bunching effects in the ToF measurements. 
 
Figure 2: Measured energy of the proton beams behind of 
the RFQ with (internal) rebuncher in final position and 
without rebuncher (dummy rebuncher) vs. RF amplitude. 
Various beam tests with different heights of the re-
buncher drift tube support as well as without rebuncher 
were performed until December 2006 with proton beam 
currents up to 800 µA behind of the RFQ. The measured 
results for the final rebuncher setting and without re-
buncher are shown in Fig. 2. The steep incline of the out-
put energy of the RFQ without rebuncher below a voltfac-
tor of 0.95 is compared to simulation results obtained 
with PARMTEQ. This was done in order to calibrate the 
nominal RF power at a voltfactor of 1.0 to 17.1 kW for 
proton beams. The working point is expected at a voltfac-
tor of 1.06, resulting in a power consumption of 165 kW 
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for the acceleration of carbon ions. Around this working 
point, the output energy can be tuned to 400 keV/u and 
can be matched to the IH acceptance by varying the RF 
power (Fig. 2). The measured output energy characteris-
tics for the final setting of the rebuncher allows for an 
estimation of the total effective rebuncher voltage of 
27 kV for protons. 
Beam Diagnostics & Linac Control System 
By August 2006 all beam diagnostics (BD) items – me-
chanical components as well as pre-amplifier modules 
and PXI data acquisition (DAQ) electronics including the 
manual control software – were available. Two AC trans-
formers, four phase probes and seven profile grids had 
been constructed, vacuum tested, and prepared for the 
final acceptance tests, which took place at GSI during the 
last week of September 2006. All hardware and software 
items were thoroughly inspected by members of the 
CNAO BD group. The programme extended from labora-
tory investigations concerning the rate capability of DAQ 
electronics or detector calibrations to beam measurements 
at the RFQ test bench with 8 keV protons from the ion 
source and 400 keV protons from the RFQ. After one 
week, all BD devices had passed the tests and were offi-
cially accepted by the CNAO foundation. 
Much of the hardware and software integration took 
place at the RFQ test bench. The manual control software 
of the BD systems were pushed to meet the experimental 
requirements as a stand-alone tool not only for trouble-
shooting and maintenance, but partially also for the initial 
phase of linac commissioning in Pavia. Thereby, the ex-
periences gained from LEBT and linac commissioning in 
Heidelberg delivered valuable input to establish the range 
of necessary software functionalities.  
The RFQ test bench further offered the possibility to 
test the linac control system for CNAO which was 
adopted from the Heidelberg project and which has to be 
delivered by ECKELMANN. This sub-control software 
will later be linked to the main CNAO accelerator control 
system (ACS) via a dedicated gateway that provides 
communication with all linac components (magnet power 
supplies, RF amplifiers, BD devices from GSI). Several 
tests to read out BD systems through the gateway and to 
include the CNAO timing master were successfully per-
formed at GSI together with the CNAO ACS group. More 
integration tests are planned for March 2007 at GSI and 
later on site in Pavia immediately after installation of the 
components at the accelerator facility. 
IH-DTL and Further Components 
After first RF measurements at the PINK factory in Oc-
tober 2005 and succeeding vacuum tests, the IH tank was 
delivered to GSI in April 2006. Copper plating of the tank 
and some refinishing operations were performed after-
wards at GSI. After installation of an additional crane in 
the GSI UHV laboratory ('Leichtbauhalle'), the drift tube 
structure was assembled within the IH tank in October 
2006 (Fig. 3). First RF measurements have been per-
formed in January 2007. Completion of RF tuning and 
assembly is scheduled until mid 2007. 
Three solenoid magnets and one Rohrsteerer were de-
livered by SIGMAPHI in 2006. 17 magnet power supplies 
and one HV supply for the LEBT chopper were manufac-
tured by JAEGER and were delivered to CNAO in sum-
mer 2006. Three RF amplifiers for pulse powers of 
1400 kW, 200 kW and 4 kW were produced by THOM-
SON. Factory acceptance tests took place during 2006 
and in January and February 2007. All three systems 
should be ready for delivery end of March 2007. 
 
 
 
Figure 3: Open IH cavity for CNAO after copper plating 
and assembly of the drift tube structure. The three large 
drift tubes contain magnetic quadrupole triplet lenses and 
were produced by DANFYSIK. 
Conclusions and Outlook 
During 2006, most of the components for the CNAO 
injector linac have been completed. The components will 
be shipped to Pavia during spring/summer 2007. The ac-
celerator part of the CNAO building in Pavia is almost 
completed yet. The installation of the accelerator as well 
as the commissioning of the LEBT, of the ion sources and 
of the linac are scheduled for 2007. 
We would like to thank our partners from CNAO for 
the very fruitful and pleasant cooperation. Furthermore, 
the committed support of various GSI groups is greatly 
acknowledged.  
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Granted patents and inventors
D. Dobrev, R. Neumann, N. Angert, J. Vetter Metallmembranfil-
ter und Verfahren zur Herstellung desselben. European patent,
September 2006 (GSI No. P174).
R. Spohr, P. Apel, Y. Korchev, Z. Siwy, Y. Masaru Verfahren
zum A¨tzen mindestens einer Ionenspur zu einer Pore in einer
Membrane und elektrolytische Zelle zur Prparierung einer
solchen. US patent, February 2006 (GSI No. P162).
U. Ratzinger, B. Schlitt Driftro¨hrenbeschleuniger zur Beschle-
unigung von Ionenpaketen. German and US patent, July 2006
(GSI No. P193).
K. Blasche, B. Franczak Beschleunigeranlage fu¨r eine
Strahlentherapie mit Ionenstrahlen. German patent, December
2006 (GSI No. P219).
W. Bourgeois, R. Fuchs, P. Spiller Isokinetische Gantry-
Anordnung zur isozentrischen Fu¨hrung eines Teilchenstrahls
und Verfahren zu deren Auslegung. European patent, June
2006 (GSI No. P192).
S. Giselbrecht, C. Trautmann, R. Truckenmu¨ller Formko¨rper,
Verfahren zu seiner Herstellung und seine Verwendung. Ger-
man patent, February 2006 (GSI No. P223).
T. Haberer Verfahren und Vorrichtung zum Steuern einer
nach dem Rasterscanverfahren arbeitenden Bestrahlungsein-
richtung fu¨r schwere Ionen oder Protonen mit Strahlextrak-
tion. US patent, August 2006 (GSI No. P176).
P. Mokler Turbomolekularpumpe mit koaxial zentralem
Durchgang. US patent, August 2006 (GSI No. P180).
A. Bechthold, Ratzinger, A. Schempp, B. Schlitt Apparatus for
ion beam formation and preaccelerating of ions used in a
heavy ion cancer facility. US patent, November 2006 (GSI No.
P169).
Z. Siwy, J. Behrends, N. Fertig, Prof. A. Fulinski, C. Martin, R.
Neumann, C. Trautmann, E. Toimil Nanodevice for controlling
the flow of charged particles in electrolytes. European patent,
September 2006 (GSI No. P183).
P. Apel, H. Kiesewetter, R. Spohr, M. Skoczylas, C. Zet Elek-
trolytische Bank. German patent, October 2006 (GSI No. P227).
Patent applications and inventors
C. von Neubeck, W. Kraft-Weyrather, C. Gu¨bitz Be-
strahlungsverifikationsvorrichtung fu¨r Strahlenthera-
pieanlagen und Verfahren zur Handhabung derselben. For
German patent, March 2006 (GSI No. P238).
More information under:
<http://www.gsi.de/informationen/tt/index e.html>
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Augustin, I.; Eickhoff, H.; Groß, K.-D.; Henning, W. F.; Kra¨mer,
D.; Walter, G. (Eds.): FAIR Baseline Technical Report.
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Zenkevich, P.; Boine-Frankenheim, O.; Alekseev, O.: Trapped
Particles Effects in the HESR Storage Ring. GSI-Acc-Report-
2006-05-001
Strasik I.; Fertman A., Mustafin E., Kozlova E., Pavlovic M.,
Hinca R., Iwase H.: Depth-profiling of the residual activity
induced by 950 MeV/u Uranium ions in Copper. GSI-Acc-
Note-2006-11-002
Smolyakov A.; E. Mustafin, E.: FLUKA-based simulation
of neutron irradiation of quench protection diodes for the
superconducting SIS300 magnets. GSI-Acc-Note-2006-10-001
Bolshakov, P. R.; Zenkevich, P.: Study of cooling equilibrium
and beam tails in HESR using the MOCAC code. GSI-Acc-
Note-2006-05-001
Quatraro, D.; Franchetti, G.: Invariance properties of orbits
near a resonance. GSI-Acc-Note-2006-11-003
Franchi, A.; Franchetti, G.; Giacomini, T.; Kirk, M.; Redelbach
A.: Measurement of emittance exchange driven by betatron
coupling in SIS-18. GSI-Acc-Note-2006-03-001
Kornilov, V.; Boine-Frankenheim, O.; Kaufmann, W.; Moritz, P.:
Measurements and Analysis of the Transverse Beam Transfer
Function (BTF) at the SIS 18 Synchrotron. GSI-Acc-Note-
2006-12-00
GSI Reports:
Pfeiffer, Bernd: Influence of mass measurements at FSR-ESR
on r-process calculations. GSI Report 2005-3.
Weyrich, K. (Ed.): High Energy Density Physics with Intense
Ion and Laser Beams: Annual Report 2005. GSI Report
2006-2.
Große, K. (Ed.): GSI Scientific Report 2005. GSI Report
2006-1.
GSI Preprints:
Surzhykov, A.; Jentschura, U. D.; Sto¨hlker, T.; Fritzsche, S.:
Kα1 radiation from heavy, helium-like ions produced in
relativistic collisions. GSI Preprint 2006-08.
Sto¨hlker, T.; Beyer, H. F.; Bra¨uing-Demian, A.; Brandau, C.;
Hagmann, S.; Kozhuharov, C.; Kluge, H. J.; Ku¨hl, T.; Liesen, D.;
Mann, R.; No¨rtersha¨uer, W.; Quint, W.; Schramm, U.; Schuch,
R.: Atomic Physics with Highgly-Charged Ions at the Future
FAIR Facility: A Status Report. GSI Preprint 2006-07.
Tashenov, S.; Sto¨hlker, T.; Bana, D.; Beckert, K.; Beller, P.;
Beyer, H. F.; Bosch, F.; Fritzsche, S.; Gumberidze, A.; Hagmann,
S.; Kozhuharov, C.; Krings, T.; Liesen, D.; Nolden, F.; Protic,
D.; Sierpowski, D.; Spillmann, U.; Steck, M.; Surzhykov, A.:
First Measurement of the Linear Polarization of Radiative
Electron Capture Transitions. GSI Preprint 2006-06.
Armbruster, P.: Precompound Charged Particle Emission
(PCE) - A Mechanism Beyond Element Production by
Complete Fusion. GSI Preprint 2006-05.
Rzadkiewicz, J.; Sto¨hlker, T.; Banas, D.; Beyer, H. F.; Bosch, F.;
Brandau, C.; Dong, C. Z.; Fritzsche, S.; Gojska, A.; Gumberidze,
A.; Hagmann, S.; Ionescu, D. C.; Kozhuharov, C.; Nandi,
T.; Reuschl, R.; Sierpowski, D.; Spillmann, U.; Surzhykov,
A.; Tashenov, S.; Trassinelli, M.; Trotsenko, S.: Selective
population of the [1s2s]1S0 and [1s2s]3S1 states of He-like
uranium. GSI Preprint 2006-04.
Matveev, V. I.; Gusarevich, E. S.; Matrasulov, D. U.; Rakhimov,
K. Y.; Sto¨hlker, T.; Baur, G.: Projectile electron losses in
the collisions with neutral targets: Sudden-perturbation
approximation. GSI Preprint 2006-03.
Surzhykov, A.; Jentschura, U. D.; Sto¨hlker, T.; Fritzsche, S.:
Radiative electron capture into high-Z, few-electron ions:
Alignment of the excited ionic states. GSI Preprint 2006-02.
Lukic, S.; Gevaert, F.; Kelic, A.; Riccardi, M. V.; Schmidt, K.-H.;
Yordanov, O.: Systematic comparison of ISOLDE-SC yields
with calculated in-target production rates. GSI Preprint 2006-
01.
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Ahrens, S.: Multi-dimensional numerical investigation of
laser induced particle acceleration. Bachelor: TU-Darmstadt.
Alber, Ina: Effizienz der Doppelpass Versta¨rkung im
NHELIX-Hochenergielaser. Bachelor: TU Darmstadt.
Altinpinar, S.: Investigations of the performance of AL-
ICE TRD chambers. Diplom: TU Darmstadt.
Antonczyk, D.: Detailed analysis of two-particle correla-
tions in central Pb-Au collisions at 158 GeV per nucleon.
Dissertation: TU Darmstadt.
Ataie, Abdul: RPA Theorie fu¨r schwache Zerfa¨lle von
Exotischen Kernen. Diplom: Universita¨t Gießen.
Bailhache, R.: o. T. Diplom: Ecole Centrale Paris.
Bannier, B.: Simulations of dilectron capabilities of HADES
at SIS100. Diplom: TU Dresden.
Becker, Frank: Ein strahlinduzierter Fluoreszenz-Monitor zur
nichtinvasiven Diagnostik intensiver Schwerionenstrahlen.
Diplom: TU-Darmstadt.
Bernhardt, Dietrich: Dielektronische Rekombination wasser-
stoffa¨hnlicher Uranionen am Schwerionenspeicherring ESR.
Dissertation: Justus-Liebig-Universita¨t Gießen.
Bert, Christoph: Bestrahlungsplanung fu¨r bewegte Zielvolu-
mina in der Tumortherapie mit gescanntem Kohlenstoffs-
trahl. Dissertation: TU Darmstadt. GSI Diss 2006-01.
Bo¨hmer, Michael: Messung der Spallationsreaktion 56Fe
+ p in inverser Kinematik. Dissertation: Technische Universita¨t
Mu¨nchen.
Bohl, Jessica: Charakterisierung von zwei Glioblas-
tomzelllinien zur Vorbereitung fu¨r die Tumortherapie mit
schweren Ionen in Kombination mit Chemotherapie. Diplom:
Hochschule Darmstadt.
Busch, Oliver: o.T. Dissertation: TU Darmstadt.
Caceres-Monrol, Lucia: Identification of the isomeric
state in the N=Z nucleus 82Nb. Dissertation: Autonoma
University Madrid.
Cornelius, Thomas Walter: Fabrication and Characteri-
sation of Bismuth Nanowires. Dissertation: Universita¨t
Heidelberg. GSI Diss 2006-09.
Deveaux, Michael: Radiation hardness studies on mono-
litic active pixels sensors. Dissertation: Univ. Frankfurt.
Doering, Matthias: Screening of heavy quarks and hadrons
at finite temperature and density. Dissertation: Universita¨t
Bielefeld.
Dworschak, Michael: Optimierung der Zyklotronfre-
quenzbestimmung und Hochpra¨zisionsmassenmessungen
an neutronenreichen Zinnisotopen mit ISOLTRAP. Diplom:
Universita¨t Wu¨rzburg. GSI Dipl 2006-03.
Ehmann, Christian: Hadron Spectroskopie auf dem Git-
ter. Diplom: Regensburg.
Eichsta¨dt, F.: In-medium properties of omega mesons.
Diplom: Universita¨t Gießen.
Eppinger, Katrin: Pulsformanalyse fu¨r MINIBALL zur
Messung an relativistischen Schwerionen. Diplom: Technische
Universita¨t Mu¨nchen.
Fedoseew, Andreas: Relativistische Quantenfeldtheorie
fu¨r Korrelationen in Kernmaterie. Diplom: Universita¨t
Gießen.
Feigh, Stefan: Ein geometrisches Diskretisierungs- und
Lo¨sungsverfahren auf der Basis der Finiten-Integrations-
Methode. Diplom/DissertationNOCH: Technische Universita¨t
Darmstadt.
Fettouhi, Andre: Investigation of slowing-down and charge
exchange of nickel and uranium ions in gases and solids int
he energy range (60-200) MeV/u. Dissertation: Univ. Gießen.
Fraiß, Maik: Design, Test und Implementation eines Systems
zur statistischen Auswertung und U¨berwachung der Mi-
crosoft Umgebung bei GSI Darmstadt. Diplom: FH Darmstadt.
Frammelsberger, Carmen: Chirale Sto¨rungstheorie und
Extrapolation von Gitter-Daten. Diplom: Regensburg.
Franchi, Andrea: Studies and Measurements on Linear
coupling and Nonlinearities in Hardon Circular Acceler-
ators. Dissertation: Goethe-Universita¨t Frankfurt am Main,
URN:https://www.gsi.de/onTEAM/gsidiss/public/1155296435.html.
GSI Diss 2006-07.
Fricke, Andreas: o. T. Dissertation: Univ. des Saarlands.
Garcia, Jose Javier Cuenca: Shell model halflives at magic
neutron number N=82. Diplom: Universita¨t Darmstadt.
Guebitz, Carola: Strahlenbiologische und physikalische
Messungen fu¨r die Bestrahlungsplanung mit leichten Ionen.
Diplom: TU Darmstadt.
Ha¨rtle, Rainer: Antikaon-nuclear bound states. Diplom:
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TU Mu¨nchen.
Haettner, Emma: Experimental study on carbon ion frag-
mentation in water using GSI therapy beams. Master: Royal
Technical Highschool Stockholm (Sweden).
Henzl, Vladimir: Spectator Response to the paricipant
blast. Dissertation: Czech Technical University Prague, Faculty
of Nuclear Science and Physical Engeneering.
Henzlova, Daniela: Systematic investigations of the iso-
topc distributions measured in the fragmentation of 124Xe
and 136Xe projectiles. Dissertation: Czech Technical University
Prague, Faculty of Nuclear Science and Physical Engeneering.
GSI Diss 2006-02.
Hertsch, Susanne: Messung der Lichttransmission an
lasergeheiztem Kohlenstoffplasma. Bachelor: TU Darmstadt.
Heuck, Hans-Martin: Einsatz adaptiver Optik und Kom-
pensation chromatischer Aberration beim Petawattlaser
PHELIX. Diplom: Fachhochschule Mu¨nster.
Hoek, Matthias: Design and Construction of a Scintillat-
ing Fibre Tracker for Measuring Hard Exclusive Reactions at
HERMES (Using test beams at GSI). Dissertation: Universita¨t
Gießen.
Huebner, Kay: The Polyakov loop and its correlators in
higher representations of SU(3) at finite temperature. Disser-
tation: Universita¨t Bielefeld.
Hug, Alexander: Nichtinvasive Diagnostik intensiver stark
fokussierter Schwerionenstrahlen. Diplom: TU Darmstadt.
Hummrich, Holger: Einsatz elektrochemischer Methoden
fuer die Untersuchung superschwerer Elemente. Dissertation:
Johannes Gutenberg-Universita¨t Mainz.
Isselhorst, Cartsen: pi-pi Korrelationen in heisser und
dichter Materi. Dissertation: TU-Darmstadt.
Jakob, Bernhard: Die Beschreibung von dichtem Wasser-
stoff mit der Methode der Wellenpaket-Molekulardynamik
(WPMD). Dissertation: Universita¨t Erlangen.
Jo¨st, Johannes: Entwicklung eines ADC-DAC Boards fu¨r
digitale Regelungssysteme in einer DSP - Umgebung. Diplom:
FH Bielefeld.
Ka¨sz, Manuel: Study of Expansion of Solid Helium-4
into Vacuum. Dissertation: J. W. Goethe-Universita¨t Frankfurt
am Main.
Kaltenbrunner, Thomas: Gitter-Operatoren fu¨r Baryon-
Wellenfunktionen. Diplom: Regensburg.
Ketelaer, Jens: Development of a non-destructive FT-
ICR detection system for singly charged ions in a gryogenic
Penning trap. Diplom: Universita¨t Mainz. GSI Dipl 2006-05.
Kliemt, Ralf: Beschreibung von Proton-Antiproton-
Kollisionen mit dem ROC-Modell. Diplom: TU Dresden.
Korostiy, Svitlana: Spectroscopic investigation of the
charge dynamics of heavy ions penetrating solid and gaseous
targets. Dissertation: TU Darmstadt. GSI Diss 2006-7.
Krauß, Matthias: Gammaspektrometrische Messungen
der Aktivierungen an der Beschleunigerstruktur des
GSI-Schwerionensynchrotrons und Abscha¨tzung der nuk-
lidspezifischen Dosisleistungen. Diplom: Berufsakademie
Karlsruh.
Kugler, Maximilian: Entwicklung einer Klassenbiblio-
thek zur Erstellung generischer Sequenzen im Rahmen des
CS Frameworks. : Hochschule Darmstadt. GSI Dipl 2006-04.
Laczko, Gabor: Investigation of the Radial Ionization
Distribution of Heavy Ions with an Optical Particle Track
Chamber and Monte-Carlo Simulations. Dissertation: TU
Darmstadt.
Lau, Thomas: Numerische Methoden zur Simulation
teilchengenerierter elektromagnetischer Felder in der
Beschleunigerphysik. Dissertation: Technische Universita¨t
Darmstadt.
Lee, Ryonfa: Chromosome aberrations in human lym-
phocytes irradiated with heavy ions. Dissertation: TU
Darmstadt.
Liebig, Clemens: Entwicklung eines Abbildungssystems
mit variabler Vergro¨ßerung fu¨r den Einsatz eines Wollas-
toninterferometers als Plasmadiagnostik. Bachelor: TU
Darmstadt.
Lineva, Natalia: o. T. Dissertation: TU Darmstadt.
Linnyk, Olena: Quark off-shellness effect on parton dis-
tribution functions. Dissertation: Universita¨t Gießen.
Lo¨b, Daniel: Untersuchung des Ablationsverhaltens laserge-
heizter Kohlenstoffolien. Bachelor: TU Darmstadt.
Manteufel, Robert: Integration von Speicherressourcen
in die Rechnerfarm der GSI unter Beru¨cksichtigung von
Anwendungsszenarien aus Grid-Computing. Diplom: FH
Darmstadt.
Marhauser, Marc Florian: The quark propagator in the
color-spin locked phase. Diplom: TU-Darmstadt.
Meusel, Oliver: Fokussierung und Transport von Ionen-
strahlen mit Raumladungslinsen. Dissertation: Goethe-
Frankfurt am Main.
Milosic, Timo: Nuclear Reactions Within Fermionic
Molecular Dynamics. Diploma: TU-Darmstadt.
Mu¨hlbauer, Monika: Chirale Dynamik mit Pion-Nukleon-
Formfaktoren. Diplom: TU Mu¨nchen.
Neidherr, Dennis: Entwicklung einer Pumpsperre fu¨r das
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Penning-Fallen-Massenspektrometer SHIPTRAP. Diplom:
Universita¨t Mainz. GSI Dipl 2006-06.
Ni, Pavel: Temperature Measurement of High-Energy-
Density Matter Generated by Intense Heavy Ion Beams.
Dissertation: TU Darmstadt.
Peschke, Claudius: Higher-Order-Mode Da¨mpfer als
Strahllagemonitore. Dissertation: Johann Wolfgang Goethe
Universita¨t Frankfurt/M.
Petermann, Ilka: Waveletanalyse von Schalenmodellrech-
nungen zu Riesenresonanzen. Diplom: o. A..
Pogonyi, Eszter: Untersuchungen zum Dosisbeitrag von
sekunda¨ren Neutronen bei der Strahlentherapie mit Kohlen-
stoffionen. Diplom: TU Darmstadt.
Procura, Massimiliano: Quark mass dependence of nu-
cleon observables and lattice QCD. Dissertation: TU Mu¨nchen.
Radomski, S.: Neutral strange particle production at
top SPS energy measured by the CERES experiment. Disser-
tation: TU Darmstadt.
Rauch, Udo: Der Einfluß dicht ionisierender Strahlung
auf elektrische Membranintegrita¨t von Modellzellen. Diplom:
TU Darmstadt.
Rodriguez-Prieto, Gonzalo: Highly Charged Ion Jets from
Medium Flux Laser Plasmas. Dissertation: TU Darmstadt.
Ro¨ßner, Simon: Field theoretical modelling of the QCD
phase diagram. Diplom: TU Mu¨nchen.
Rustamov, Anar: Exclusive η Meson Reconstruction in
Proton-Proton Collisions at 2.2 GeV with the HADES
Spectrometer and High Resolution Tracking. Dissertation:
Technischen Universita¨t Darmstadt. GSI Diss 2006-10.
Sachez Alarcon, Rodolfo Marcelo: Nuclear Charge Ra-
dius of the Halo Nucleus Lithium-11. Dissertation: Universita¨t
Mainz. GSI Diss 2006-09.
Sanjari, Shahab: Hardware and Software Implementa-
tion of a Radio Frequency High-Speed Data Conversion Unit
for Digital Control Systems. Bachelor: TU Darmstadt.
Schaller, Gernot: On selected numerical approaches to
Cellular Tissue. Dissertation: Johann Wolfgang Goethe-
Universita¨t Frankfurt am Main.
Scheidenberger, Christoph: Struktur exotischer Kerne
und astrophysikalische Anwendungen: Massen- und
Lebensdauermessungen mit gespeicherten, relativistischen
Projektilfragmenten. Habilitation: Universita¨t Gießen.
Scherer, Stefan: Modelling ultra-relativistic Heavy Ion
Collisions with the quark Molecular Dynamics qMD. Disser-
tation: Johann Wolfgang Goethe-Universita¨t Frankfurt am Main.
Schlo¨rit, Andreas: Entwurf, Auslegung und Aufbau von
teilbaren, geschlitzten Flusskonzentratoren fu¨r Strahlstrom-
Messensorik. Diplom: FH-Wiesbaden-Ru¨sselsheim.
Scho¨ffler, Markus S.: Grundzustandskorrelationen und
dynamische Prozesse untersucht in Ion-Helium-Sto¨ßen.
Dissertation: Johann Wolfgang Goethe-Universita¨t Frankfurt/M.
Schrader, Christoph: Phototechnisches Ausleseverfahren
fu¨r Ionenstrahlen. Diplom: FH Wiesbaden-Ru¨sselsheim.
Schreiber, Gerald T.: Barrier-Buckets am Experimentier-
speichering der Gesellschaft fu¨r Schwerionenforschung.
Dissertation: Goethe-Universita¨t Frankfurt am Main. GSI Diss
2006-05.
Srisawad, Ponrad: Kaon and Sigma meson production in
heavy ion reactions at intermediate energies. Dissertation:
Suranaree University (Thailand) and Universita¨t Tu¨bingen.
Stang, Denise: Konzeption und Entwicklung eines Ab-
bildungssystems fu¨r Laserthomsonstreuung an heißen
dichten Plasmen. Bachelor: TU Darmstadt.
Streicher, Branislav: Synthesis and spectroscopic properties
of transfermium isotopes with Z = 105, 106 and 107. Dis-
sertation: Comenius Universita¨t Pressburg (Bratislava), Slowakei.
Tang, Hai: Entwicklung einer Schnittstelle zwischen
Webbrowsern und Oszilloskopen. Diplom: FH-Darmstadt.
Thaler, Michael: Phases of QCD: lattice thermodynam-
ics and quasiparticle approaches. Dissertation: TU Mu¨nchen.
Theiß, Alexander: Untersuchungen zum Ladungsaus-
tausch in den Ein-Elektron-Stoßsystemen Li(2+) + Li(3+)→
Li(3+) + Li(2+) und Li(2+) + 3He(2+) → Li(3+) + 3He(+).
Dissertation: Universita¨t Giessen.
Tsiledakis, G. K.: Scale Dependence of Mean Transverse
Momentum Fluctuations at Top SPS Energy measured by
the CERES experiment and studies of gas properties for the
ALICE experiment. Dissertation: TU Darmstadt.
Tsoutsouris, Efthymios: Eigenschaften von weichmag-
netischen Materialien und deren Verlustermittlung durch die
Epsteinrahmen-Methode. Diplom: Universita¨t Kassel.
Ulmer, Stefan: Entwicklung des experimentellen Aufbaus zur
Messung des g-Faktors des Protons in einer Penning-Falle.
Diplom: Universita¨t Heidelberg.
Ursescu, Daniel: Grazing Incidence Pumped Zr X-Ray
Laser for Spectroscopy on Li-like Ions. : Universita¨t Mainz.
GSI Diss 2006-04.
Verbuyst, Eli: Measuring the radiation tolerance of a
CPLD. Diplom: Fachhochschule Ko¨ln.
von Neubeck, Cla¨re Hanna Freiin: Aufbau eines 3-
dimensionalen Systems zur biologischen Verifikation der
Bestrahlungsplanung mit Schwerionen. Diplom: Hochschule
Darmstadt.
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Voss, Kay-Obbe: Laser Spectroscopy of Gd3+ Ions Doped
into LaF 3 Single Crystals as Probe of Material Parameters.
Dissertation: Universita¨t Heidelberg.
Wagenknecht, Katja: Qualita¨tssicherung an einem To-
motherapiegera¨t. Diplom: Berufsakademie Karlsruh.
Wamers, Felix: Entwicklung eines Detektors fu¨r gepul-
ste Schwerionenstrahlen. Diploma: TU Darmstadt.
Wissel, Soenke: Mesonic correlation functions from light
quarks and their spectral representation in hot quenched
lattice QCD. Dissertation: Universita¨t Bielefeld.
Yazidjian, C.: A new detector setup for ISOLTRAP and
test of the isobaric multiplet mass equation. Dissertation:
Universite´ de Caen (France).
Zaunick, Hans-Georg: Erweiterung einer Teststation fr
Pixelfrontends und Charakterisierung eines FE-I-Chips.
Diplom: TU Dresden.
Zeeb, Gebhard: Einfluss schwerer hadronischer Zusta¨nde auf
das QCD-Phasendiagramm und die Ausfrierbedingungen in
einem hadronischen chiralen Modell. Dissertation: Johann
Wolfgang Goethe-Universita¨t Frankfurt am Main.
Zheng, Wang: Aufbau und Charakerisierung einer Laser-
ablationsquelle mit Kohlenstoffclustern als Referenz fu¨r
Flugzeitspektrometrie von exotischen Kernen. Dissertation:
Univ. Gießen.
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International and national collaborations ∗
Compiled by K. Große
The FAIR Collaborations
FAIR: The BIOMAT Collaboration
The High-Energy Irradiation Facility for Biophysics and Materials
Research
Spokespersons: M. Durante, Naples (Italy) S. Klaumu¨nzer, Berlin
(Germany)
Contributions in this report:
FAIR-EXPERIMENTS-34
FAIR: The CBM Collaboration
The Condensed Baryonic Matter experiment
<http://www.gsi.de/zukunftsprojekt/experimente/
CBM/index e.html>
Spokesperson: P. Senger Darmstadt (Germany)
Contributions in this report:
FAIR-EXPERIMENTS-06
FAIR-EXPERIMENTS-07
FAIR-EXPERIMENTS-08
FAIR-EXPERIMENTS-09
FAIR-EXPERIMENTS-10
FAIR-EXPERIMENTS-11
FAIR-EXPERIMENTS-12
FAIR-EXPERIMENTS-13
FAIR-EXPERIMENTS-14
FAIR-EXPERIMENTS-15
FAIR-EXPERIMENTS-16
FAIR-EXPERIMENTS-17
FAIR-EXPERIMENTS-18
INSTRUMENTS-METHODS-16
INSTRUMENTS-METHODS-26
INSTRUMENTS-METHODS-40
INSTRUMENTS-METHODS-41
FAIR: The FLAIR Collaboration
A Facility for Low-energy Antiproton and Ion Research
< http://www-linux.gsi.de/∼flair/>
Spokesperson: E. Widmann (Austria)
Contributions in this report:
FAIR-EXPERIMENTS-32
FAIR: The HEDgeHOB Collabora-
tion
High Energy Density Matter generated by Heavy iOn Beams
<http://hedgehob.physik.tu-darmstadt.de>
Spokesperson: Hoffmann, D. H. H., Darmstadt (Germany)
Contributions in this report:
PLPY-PHELIX-09
PLPY-PHELIX-11
PLPY-PHELIX-12
PLPY-PHELIX-14
The PANDA Collaboration
<http://www.ep1.rub.de/∼panda/auto/ home.htm>
Spokesperson: U. Wiedner, Uppsala (Sweden)
Contributions in this report:
FAIR-EXPERIMENTS-02
FAIR-EXPERIMENTS-03
FAIR-EXPERIMENTS-04
FAIR-EXPERIMENTS-05
INSTRUMENTS-METHODS-23
INSTRUMENTS-METHODS-42
INSTRUMENTS-METHODS-43
FAIR: The NUSTAR Collaboration
International Nuclear Structure and Astrophysics Community
GSI
<http://www.gsi.de/forschung/kp/kp2/nustar.html>
As part of FAIR-NUSTAR: The DESPEC
Collaboration
Decay Spectroscopy
Spokesperson: B. Rubio, Valencia (Spain)
Contributions in this report:
FAIR-EXPERIMENTS-26
FAIR-EXPERIMENTS-27
FAIR-EXPERIMENTS-29
As part of FAIR-NUSTAR: The HISPEC
Collaboration
High resolution Spectroscopy
Spokesperson: Z. Podolyak, Surrey (United Kingdom)
Contributions in this report:
FAIR-EXPERIMENTS-25
FAIR-EXPERIMENTS-28
As part of FAIR-NUSTAR: The R3B Collab-
oration
Reactions with Relativistic Radioactive Beams
<http://www-land.gsi.de/r3b/>
∗Only listed are colloborations contributed to this report.
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Spokesperson: T. Aumann Darmstadt (Germany)
Contributions in this report:
FAIR-EXPERIMENTS-19
FAIR-EXPERIMENTS-20
FAIR-EXPERIMENTS-21
FAIR-EXPERIMENTS-22
As part of FAIR-NUSTAR: The ELISe Col-
laboration
ELectron-Ion Scattering in a Storage Ring (eA collider)
<http://www.gsi.de/zukunftsprojekt/experimente/elise/>
Spokesperson: H. Simon, Darmstadt (Germany)
Contribution in this report:
FAIR-EXPERIMENTS-23
FAIR-EXPERIMENTS-24
As part of FAIR-NUSTAR: The EXL Col-
laboration
Exotic nuclei studied in light-ion induced reactions at the NESR
storage ring
<http://ns.ph.liv.ac.uk/∼mc/EXL/collaboration/
EXL-collaboration.html>
Spokesperson: M. Chartier, Liverpool (United Kingdom)
Contributions in this report:
FAIR-EXPERIMENTS-30
FAIR-EXPERIMENTS-31
As part of FAIR-NUSTAR: The LEB Collab-
oration
Low Energy Branch
Spokesperson: C. Scheidenberger, Darmstadt (Germany)
Contributions in this report:
FAIR-ACCELERATORS-11
FAIR-EXPERIMENTS-35
FAIR-EXPERIMENTS-36
As part of FAIR-NUSTAR: The Super-FRS
Collaboration
Contributions in this report:
FAIR-ACCELERATORS-10
INSTRUMENTS-METHODS-06
INSTRUMENTS-METHODS-07
INSTRUMENTS-METHODS-08
INSTRUMENTS-METHODS-09
FAIR: The SPARC Collaboration
Stored Particles Atomic Physics Collaboration
<http://www.gsi.de/zukunftsprojekt/experimente/sparc/index e.html>
Spokesperson: R. Schuch, Stockholm (Sweden)
Contributions in this report:
ATOMIC-PHYSICS-19
ATOMIC-PHYSICS-26
FAIR: The WDM Collaboration
Radiative Properties of Warm Dense Matter Produced by Intense
Heavy Ion Beams
<http://www.gsi.de/phelix/Experiments/FAIR/WDM/index.html>
Spokesperson: F. B. Rosmej
Contributions in this report:
FAIR-EXPERIMENTS-33
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The SIS/ESR/UNILAC Collaborations
The ALADiN 2000 Collaboration
<http://www-kp3.gsi.de/www/kp3/aladinhome.html>
Spokesperson: W. Trautmann, Darmstadt (Germany)
Contributions in this report:
NQMA-EXPERIMENTS-01
NQMA-EXPERIMENTS-03
NQMA-EXPERIMENTS-02 (INDRA-ALADIN)
FAIR: The CHARMS Collaboration
Collaboration for High-Accuracy Experiments on Nuclear Reac-
tion Mechanisms with magnetic Spectrometers
<http://www.gsi.de/charms/>
Spokesperson: Karl-Heinz Schmidt, GSI
Contributions in this report:
NUSTAR-EXPERIMENTS-17
NUSTAR-EXPERIMENTS-18
NUSTAR-EXPERIMENTS-20
NUSTAR-THEORY-11
The FOPI Collaboration
4π Detector System for Charged Particles
<http://www-fopi.gsi.de/>
Spokesperson: N. Herrmann, Heidelberg (Germany)
Contributions in this report:
INSTRUMENTS-METHODS-24
INSTRUMENTS-METHODS-25
NQMA-EXPERIMENTS-05
NQMA-EXPERIMENTS-06
The HADES Collaboration
<http://www-hades.gsi.de>
Spokesperson: Salabura, P.
Contributions in this report:
INSTRUMENTS-METHODS-30
NQMA-EXPERIMENTS-07
The HITRAP Collaboration
HITRAP - A Facility for Experiments with Heavy Highly Charged
Ions and Antiprotons
< http://www.gsi.de/forschung/ap/projects/hitrap/index.html>
Technical Coordinator: O. Kester (GSI), Scientific Coordinator:
W. Quint (GSI)
Contributions in this report:
ATOMIC-PHYSICS-15
ATOMIC-PHYSICS-16
ATOMIC-PHYSICS-18
ATOMIC-PHYSICS-24
ATOMIC-PHYSICS-25
ATOMIC-PHYSICS-30
GSI-ACCELERATORS-10
The ILIAS Collaboration
Ion and Laser beam Interaction and Application Studies
Spokesperson: P. Mulser, Darmstadt (Germany)
Contributions in this report:
PLPY-PHELIX-23
PLPY-PHELIX-24
PLPY-PHELIX-25
PLPY-PHELIX-26
PLPY-PHELIX-29
The PHELIX Collaboration
Petawatt High-Energy Laser for Heavy Ion Experiments
<http://www.gsi.de/forschung/phelix>
Spokesperson: K. Witte (GSI)
Contributions in this report:
ATOMIC-PHYSICS-28
PLPY-PHELIX-15
PLPY-PHELIX-16
PLPY-PHELIX-17
PLPY-PHELIX-19
PLPY-PHELIX-21
PLPY-PHELIX-27
The LAND-FRS Collaboration
Large Area Neutron time of flight Detector – Fragment Separator
Spokesperson: T. Aumann, Darmstadt (Germany)
Contributions in this report:
NUSTAR-EXPERIMENTS-15
The NoRDia Collaboration
Novel Radiation Hard CVD Diamond Detectors for Hadron
Physics
<http://www-norhdia.gsi.de>
Cordinator at GSI: E. Berdermann.
Contributions in this report:
INSTRUMENTS-METHODS-02 (NoRHDia)
INSTRUMENTS-METHODS-03 (NoRHDia)
The RISING Collaboration
<http://www-linux.gsi.de/EB at GSI/index.html>
Spokesperson: H.-J. Wollersheim, GSI, Darmstadt (Germany)
Contributions in this report:
NUSTAR-EXPERIMENTS-06
NUSTAR-EXPERIMENTS-07
NUSTAR-EXPERIMENTS-08
ANNEX-COLLABORATIONS-01
425
NUSTAR-EXPERIMENTS-10
NUSTAR-EXPERIMENTS-12
The g-factors at RISING Collabora-
tion
< http://www-linux.gsi.de/w˜olle/EB at GSI/G-FACTOR/>
Spokesperson: G. Neyens IKS, KU Leuven (Belgium)
Contributions in this report:
NUSTAR-EXPERIMENTS-11
NUSTAR-EXPERIMENTS-13
NUSTAR-EXPERIMENTS-14
The SHIP Collaboration
Separator for Heavy Ion reaction Products
<http:/www.gsi.de/forschung/kp/kp2/ship/>
Spokesperson: S. Hofmann, GSI Contributions in this report:
NUSTAR-SHE-01
NUSTAR-SHE-02
NUSTAR-SHE-03
NUSTAR-SHE-04
NUSTAR-SHE-05
The SHIPTRAP Collaboration
<http://www.gsi.de/forschung/ap/projects/shiptrap/>
Spokesperson: F. Herfurth, Darmstadt (Germany)
Contributions in this report:
ATOMIC-PHYSICS-12
ATOMIC-PHYSICS-23
The TASCA Collaboration
Transactinide Separator and Chemistry Apparatus
<http://www.gsi.de/tasca/>
Spokesperson: M. Scha¨del, GSI
Contributions in this report:
INSTRUMENTS-METHODS-05
NUSTAR-SHE-09
NUSTAR-SHE-10
NUSTAR-SHE-11
NUSTAR-SHE-12
Other collaborations e. g. at external institutions
The ALICE Collaboration
A Large Ion Collider Experiment at CERN LHC
<http://alice.web.cern.ch/Alice/AliceNew/collaboration/>
The collaborations contains 27 countries, 83 institutes, and about
1000 members. Here only the participants of the GSI are listed.
Leader at the GSI: P. Braun-Munzinger
Contributions in this report:
INSTRUMENTS-METHODS-31
INSTRUMENTS-METHODS-32
INSTRUMENTS-METHODS-33
NQMA-EXPERIMENTS-14
NQMA-EXPERIMENTS-15
The ALICE TRD Collaboration
The Transition Radiation Detector of the ALICE experiment at
LHC
<http://www-alice.gsi.de/trd>
Project leader: J. Stachel, Heidelberg (Germany)
Contributions in this report:
INSTRUMENTS-METHODS-34
INSTRUMENTS-METHODS-35
INSTRUMENTS-METHODS-36
INSTRUMENTS-METHODS-38
INSTRUMENTS-METHODS-39
The CERES Collaboration
Cherenkov Ring Electron Pair Spectrometer at the CERN SPS
<http://www.physi.uni-heidelberg.de/physi/ceres/>
Spokesperson: J. Stachel, Heidelberg (Germany)
Contributions in this report:
NQMA-EXPERIMENTS-08
NQMA-EXPERIMENTS-09
NQMA-EXPERIMENTS-10
The NA49 Collaboration
Large Acceptance Hadron Detector for an Investigation of Pb-
induced Reactions at the CERN SPS
<http://na49info.cern.ch/>
Spokesperson: P. Seyboth
Contributions in this report:
NQMA-EXPERIMENTS-11
NQMA-EXPERIMENTS-12
NQMA-EXPERIMENTS-13
NQMA-EXPERIMENTS-16
The ISOLTRAP Collaboration
<http://isoltrap.web.cern.ch/isoltrap>
Contributions in this report:
ATOMIC-PHYSICS-13
ATOMIC-PHYSICS-14
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Other collaborations:
INSTRUMENTS-METHODS-22
INSTRUMENTS-METHODS-27 (HyPHI)
INSTRUMENTS-METHODS-28 (HyPHI)
INSTRUMENTS-METHODS-29 (HyPHI)
MATERIALS-14
NUSTAR-EXPERIMENTS-19
RADIATION-BIOPHYSICS-23 (ALTEA)
Connection between contributions to
this report and experiment numbers at
the GSI accelerators:
BIO-13 RADIATION-BIOPHYSICS-15
BIO-14 RADIATION-BIOPHYSICS-20
BIO-07 RADIATION-BIOPHYSICS-04
BIO-14 RADIATION-BIOPHYSICS-12
BIO-14 RADIATION-BIOPHYSICS-14
BIO-14 RADIATION-BIOPHYSICS-17
BIO-16 RADIATION-BIOPHYSICS-03
BIO-01 RADIATION-BIOPHYSICS-21
E039 ATOMIC-PHYSICS-03
E045 ATOMIC-PHYSICS-06
E065 ATOMIC-PHYSICS-07
E067 ATOMIC-PHYSICS-02
E069 ATOMIC-PHYSICS-09
E069 ATOMIC-PHYSICS-10
E070 ATOMIC-PHYSICS-01
E070 ATOMIC-PHYSICS-08
E075 ATOMIC-PHYSICS-15
P008 PLPY-PHELIX-22
R240 NUSTAR-SHE-05
S139 INSTRUMENTS-METHODS-28
S174 NUSTAR-EXPERIMENTS-09
SBIO-08 RADIATION-BIOPHYSICS-26
SBIO-09 RADIATION-BIOPHYSICS-19
S184 NUSTAR-EXPERIMENTS-17
S185 NQMA-EXPERIMENTS-02
S227 NUSTAR-EXPERIMENTS-03
S244a NUSTAR-EXPERIMENTS-08
S244 NUSTAR-EXPERIMENTS-06
S244 NUSTAR-EXPERIMENTS-07
S244 NUSTAR-EXPERIMENTS-10
S248 NUSTAR-EXPERIMENTS-19
S254 NQMA-EXPERIMENTS-01
S254 NQMA-EXPERIMENTS-03
S258 FAIR-EXPERIMENTS-36
S261 NQMA-EXPERIMENTS-05
S271 NUSTAR-EXPERIMENTS-16
S280 INSTRUMENTS-METHODS-02
S286 INSTRUMENTS-METHODS-37
S291 FAIR-ACCELERATORS-29
S299 NUSTAR-EXPERIMENTS-12
S305 NUSTAR-EXPERIMENTS-09
S310 NUSTAR-EXPERIMENTS-13
S311 NUSTAR-EXPERIMENTS-11
S311 NUSTAR-EXPERIMENTS-14
S319 INSTRUMENTS-METHODS-27
S319 INSTRUMENTS-METHODS-29
S319 NUSTAR-EXPERIMENTS-21
S319 NUSTAR-EXPERIMENTS-22
S328 FAIR-EXPERIMENTS-20
SITH EXTERNAL-HIT-08
SITH RADIATION-BIOPHYSICS-28
STHE RADIATION-BIOPHYSICS-30
STHE RADIATION-BIOPHYSICS-35
U165 ATOMIC-PHYSICS-11
U197 NUSTAR-EXPERIMENTS-05
U205 NUSTAR-SHE-06
U205 NUSTAR-SHE-07
U210 NUSTAR-SHE-08
U215 NUSTAR-SHE-04
U217 ATOMIC-PHYSICS-12
U219 NUSTAR-SHE-09
U219 NUSTAR-SHE-10
U219 NUSTAR-SHE-11
U219 NUSTAR-SHE-12
U224 PLPY-PHELIX-07
U224 PLPY-PHELIX-08
U225 NUSTAR-SHE-03
U226 PLPY-PHELIX-03
UMAT MATERIALS-24
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EU projects at GSI
Compiled by R. Simon, M. Pantea, K. Große
FAIR Design Study ’DIRACsecondary-Beams’/FP6 (515873)
<http://www.gsi.de/fair/EU-Design-Study/index.html>
Coordinator: GSI, Darmstadt (Germany)
Project coordinator: J. Eschke
Steering committee: J. Eschke (GSI, chair), H. H. Gutbrod
(GSI), W. F. Henning (GSI), P. Gianotti (Frascati), R. Kru¨cken
(Mu¨nchen), R. Maier (FZJ), B. Franzke (GSI), D. Kra¨mer (GSI)
Contact at GSI: J. Eschke, K. Bergho¨fer, F. Weißbach
Contributions in this report:
FAIR-ACCELERATORS-01
FAIR-ACCELERATORS-02
FAIR-ACCELERATORS-04
FAIR-ACCELERATORS-10
FAIR-ACCELERATORS-11
FAIR-ACCELERATORS-13
FAIR-ACCELERATORS-16
FAIR-EXPERIMENTS-28
FAIR-EXPERIMENTS-35
FAIR-EXPERIMENTS-37
GSI-ACCELERATORS-12
INSTRUMENTS-METHODS-43
FAIR Construction ’DIRAC-PHASE 1’/FP6 (515876)
<http://www.gsi.de/fair/EU-Construction/index.html>
Coordinator: GSI, Darmstadt (Germany)
Project coordinator: J. Eschke
Steering committee: J. Eschke (GSI, chair), H. H. Gutbrod (GSI),
W. F. Henning (GSI), H. Eickhoff (GSI), J.-E. Ducret (CEA), H.
Stro¨bele (U-Frankfurt/M.)
Contact at GSI: J. Eschke, K. Bergho¨fer, F. Weißbach
Contribution in this report:
FAIR-ACCELERATORS-18
GSI-ACCELERATORS-13
GSI-ACCELERATORS-14
GSI-ACCELERATORS-15
GSI-ACCELERATORS-16
INSTRUMENTS-METHODS-30
NQMA-EXPERIMENTS-07
HADRONPHYSICS/FP6 (RII3-CT-2004-506078)
<http://hadronphysics.infn.it/>
Coordinator: INFN Frascati (Italy)
Project coordinator: C. Guaraldo (LNF-INFN)
Management board: M. Anselmino (INFN), T. Johansson (Univ.
Uppsala), H. Koch (Univ. Bochum), L. Riccati (INFN), G. Rosner
(Univ. Glasgow), R. Simon (GSI)
Project coordinator at GSI: R. Simon
Contributions in this report:
FAIR-EXPERIMENTS-03
FAIR-EXPERIMENTS-04
FAIR-EXPERIMENTS-05
FAIR-EXPERIMENTS-06
FAIR-EXPERIMENTS-07
FAIR-EXPERIMENTS-08
FAIR-EXPERIMENTS-09
FAIR-EXPERIMENTS-10
FAIR-EXPERIMENTS-11
FAIR-EXPERIMENTS-12
FAIR-EXPERIMENTS-14
FAIR-EXPERIMENTS-15
FAIR-EXPERIMENTS-17
FAIR-EXPERIMENTS-18
INSTRUMENTS-METHODS-02
INSTRUMENTS-METHODS-17
INSTRUMENTS-METHODS-22
INSTRUMENTS-METHODS-23
INSTRUMENTS-METHODS-24
INSTRUMENTS-METHODS-26
INSTRUMENTS-METHODS-37
INSTRUMENTS-METHODS-40
INSTRUMENTS-METHODS-41
NQMA-THEORY-01
EURONS/FP6 (RII3-CT-2004-506065)
<http://www.gsi.de/informationen/jofu/EURONS/>
Coordinator: GSI, Darmstadt (Germany)
Project coordinator: A. C. Mu¨ller (IN2P3-IPNO), C. Scheiden-
berger (GSI, deputy coordinator)
Executive board: P. Butler (CERN), P. Van Duppen (U- Leuven),
K.-D. Groß (GSI), S. Harissopoulos (NCSR Demokritos), R. Julin
(Univ. Jyva¨skyla¨), S. Lenzi (INFN Padova)
Contact at GSI: I. Reinhard; M. Pantea
Contributions in this report:
ATOMIC-PHYSICS-01
ATOMIC-PHYSICS-03
ATOMIC-PHYSICS-05
ATOMIC-PHYSICS-12
ATOMIC-PHYSICS-13
ATOMIC-PHYSICS-14
ATOMIC-PHYSICS-20
ATOMIC-PHYSICS-23
FAIR-ACCELERATORS-30
FAIR-EXPERIMENTS-19
FAIR-EXPERIMENTS-20
FAIR-EXPERIMENTS-21
FAIR-EXPERIMENTS-22
FAIR-EXPERIMENTS-27
FAIR-EXPERIMENTS-30
GSI-ACCELERATORS-08
NUSTAR-EXPERIMENTS-06
NUSTAR-EXPERIMENTS-07
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NUSTAR-EXPERIMENTS-08
NUSTAR-EXPERIMENTS-09
NUSTAR-EXPERIMENTS-11
NUSTAR-EXPERIMENTS-12
NUSTAR-EXPERIMENTS-13
NUSTAR-EXPERIMENTS-14
NUSTAR-EXPERIMENTS-16
NUSTAR-EXPERIMENTS-19
RADIATION-BIOPHYSICS-18
RADIATION-BIOPHYSICS-19
CARE/FP6 (RII3-CT-2003-506395)
<http://esgard.lal.in2p3.fr/Project/Activities/Current/>
Coordinator: CEA Saclay (France)
Project coordinator: R. Aleksan (CEA)
Project coordinator at GSI: H. Eickhoff
Contact at GSI: L. Groening
Contributions in this report:
FAIR-ACCELERATORS-05
FAIR-ACCELERATORS-24
GSI-ACCELERATORS-11
EGEE/FP6 (INFSO-RI-508833)
<http://public.eu-egee.org/>
Coordinator: CERN (Switzerland)
Project coordinator: B. Jones (CERN), D. Kranzlmu¨ller (CERN)
Project coordinator at GSI: P. Malzacher
Contact at GSI: P. Malzacher
Contributions in this report:
INSTRUMENTS-METHODS-14
Laserlab/FP6 (RII3-CT-2003-506350)
<http://www.laserlab-europe.net>
Coordinator: Forschungsverbund Berlin (Germany)
Project coordinator: W. Sandner (Berlin)
Project coordinator at GSI: T. Ku¨hl
Contact at GSI: T. Ku¨hl
Contributions in this report:
PLPY-PHELIX-19
PLPY-PHELIX-20
PLPY-PHELIX-21
PLPY-PHELIX-22
EUROTeV/FP6 (011899 RIDS)
<http://www.eurotev.org>
Coordinator: DESY, Hamburg (Germany)
Project coordinator: E. Elsen (DESY)
Project coordinator at GSI: H. Eickhoff
Contact at GSI: P. Schu¨tt
Cellion/FP6 (MRTN-CT-2003-503923)
Network of Excellence
<http://cellion.ifj.edu.pl>
Project coordinator: Z. Stachura (PAN)
Contact at GSI: B. Fischer
Contribution in this report:
RADIATION-BIOPHYSICS-03
EURISOL-Design Study/FP6 (515768 RIDS)
<http://www.eurisol.org>
Coordinator: INFN-LNL (Italy)
Project coordinator: Y. Blumenfeld (IPN-Orsay)
Project coordinator at GSI: K.-H. Schmidt
Contact at GSI: A. Kelic
Contributions in this report:
ATOMIC-PHYSICS-17
GSI-ACCELERATORS-17
EUROTRANS/FP6 (516520 F16W)
<http://nuclear-server.fzk.de/eurotrans/>
Coordinator: FZK, Karlsruhe (Germany)
Project coordinator: J. U. Knebel (NUCLEAR)
Project coordinator at GSI: K.-H. Schmidt
Contact at GSI: A. Kelic
EURATOM-Fellowships FISA2004/FP6 (012985 FI6W) and
RESPA2004/FP6 (516352 F16W)
Project coordinator: K.-H. Schmidt
Contact at GSI: A. Kelic
Contribution in this report:
NUSTAR-EXPERIMENTS-17
Contributions to other EU projects:
FAIR-ACCELERATORS-29
FAIR-EXPERIMENTS-23
FAIR-EXPERIMENTS-24
INSTRUMENTS-METHODS-39
NQMA-THEORY-10
NQMA-THEORY-17
RADIATION-BIOPHYSICS-33
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Invited talks at conferences at other institutions
Compiled by K. Große
Ackermann, D.: Schwere Elemente - Kernmaterie unter
extremen Bedingungen. Johannes Gutenberg-Universitaet
Mainz (Germany), 04.12.2006.
Ackermann, D.: Superheavy Elements - Synthesis, Structure
and Reaction Mechanism. Conference on Nuclear Structure
Physics, Shanghai (China), June 2006.
Ackermann, D.: Superheavy Elements - Synthesis, Structure
and Reaction Mechanism. FUSION06 - Reaction Mechanism
and Nuclear Structure at the Coulomb Barrier, San Servolo,
Venice (Italy), March 2006.
Ackermann, D.: Superheavy Elements - Synthesis, Structure
and Reaction Mechanism. IX International Conference on
Nucleus Nucleus Collisions (NN2006), Rio de Janeiro (Brazil),
August 2006.
Andronic, A.: Hadron production at chemical equilib-
rium. Brookhaven National Laboratory (USA), 16.-17.02.2006.
Andronic, A.: Multiwire proportional drift chambers:ALICE
TRD and TPC. International Research Training Group Work-
shop, Heidelberg (Germany), 05.10.2006.
Andronic, A.: Statistical hadronization of heavy quarks
in nucleus-nucleus. ECT International Workshop on Heavy
Flavor Physics in Heavy Ion Collisions at the LHC, Trento
(Italy), 06.-09.09.2006.
Augustin, I.: FAIR - die Zunkunft der GSI. GSI, Open
Day, 11.09.2006.
Augustin, I.: Status of FAIR. MESON 2006, Krakau (Poland),
09.06.2006.
Augustin, I.: Status of FAIR. Syposium on Physics of
High Baryon Density, Strasbourg (France), 19.09.2006.
Augustin, I.: Status of the FAIR Project. CAARI 2006,
Ft. Worth, Texas (USA), 22.08.2006.
Augustin, I.: The International Facility for Antiproton
and Ion Research. Info-Day, Ministry for Research and Higher
Education, Warsaw (Poland), 08.12.2006.
Aumann, T.: A next-generation setup for scattering ex-
periments with high-energy beams. International Workshop on
Nuclear Physics with RIBF, RIKEN, Saitama (Japan), August
2006.
Aumann, T.: Experiments with rare-isotope beams at
FAIR. Internationales Graduiertenkolleg Basel-Graz-Tu¨bingen,
University of Basel (Switzerland), May 2006.
Aumann, T.: Prospect of Nuclear Structure Studies at
the Future FAIR Accelerators. Erice School on Nuclear
Physics 2006, Erice (Italy), September 2006.
Aumann, T.: Scattering experiments with high-energy
radioactive beams at the future FAIR facility. IX International
Conference on Nucleus Nucleus Collisions (NN2006), Rio de
Janeiro (Brazil), August 2006.
Aumann, T.: Single-particle and collective properties of
radioactive nuclei investigated with R3B. GANIL, Caen
(France), July 2006.
Barth, W.: Future UNILAC design. INTAS-final-meeting
at GSI (Germany), 05.-06.09.2006.
Bayer, W.: HIPPI Beam Dynamics Machine Experiments.
HIPPI-WP5-meeting, 27.-28.04.2006.
Bayer, W.: HIPPI beam experiments at the UNILAC.
INTAS-final-meeting at GSI (Germany), 05.-06.09.2006.
Bender,M.: Untersuchung der Ionenstrahl induzierten
Desorption mittels UHV-ERDA. LMU Mu¨nchen (Germany),
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Reinhard, S./MPI-K, Heidelberg (Germany): Time dila-
tion measurements with fast stored lithium ions: TSR
version. Atomphysik-Seminar, 18.01.2006.
Simon, H./GSI (Germany): Dripline Nuclei: Properties,
Means and Tools. NuSTAR Seminar, 18.01.2006.
Severin, D./Universita¨t Marburg (Germany): Radiation sensi-
tivity of insulating materials used in the superconducting
magnets for the FAIR project. Beschleuniger-Seminar,
19.01.2006.
Bauer, D./MPI Heidelberg (Germany): Laser-Absorption
und Ionisation in Clustern und Bericht vom Winter Col-
loquium on the Physics of Quantum Electronics 2006,
Snowbird, Utah. ILIAS-Seminar-Arbeitsseminar, 24.01.2006.
Narici, L./Rom (Italy): ALTEA, a multiple approach program
for studying the ionizing radiation effects on the Central
Nervous System (CNS): ground and space investigations. GSI
Kolloquium, 24.01.2006.
Rodriguez Prieto, G./GSI Darmstadt (Germany): Long-
Pulsed Medium-Flux Laser Plasmas with High Electron
Temperatures: Spectroscopic and Space Resolved Studies.
Physik dichter Plasmen mit Schwerionen- und Laserstrahlen,
24.01.2006.
van Wezel, J./FZ Karlsruhe (Germany): PetaByte Mass
Storage at GridKa: Components, architecture and experi-
ences. IT/EE-Seminar, 24.01.2006.
Giacri, M.-L./Saclay (France): Creation of Photonuclear
Activation Library and Measurements of Delayed Neutrons
from Photofission. NuSTAR Seminar, 25.01.2006.
Klimkiewicz, A./GSI (Germany): Dipole response of ex-
otic neutron-rich nuclei in the 132Sn mass region. Seminar
der Materialforschung, 25.01.2006.
Schlegel, T./GSI (Germany): Radiative hydrodynamics in
laser-heated hohlraums. Theorie-Seminar, 25.01.2006.
Schneble, H.: Bauleitplanung fu¨r das FAIR-Projekt unter
Beru¨cksichtigung von naturschutzfachlichen Kompensation-
smaßnahmen. Wissenschaft fu¨r alle, 25.01.2006.
Gales, S./Ganil (France): SPIRAL2GANIL: a world leading
ISOL facility in Europe at the dawn of the new decade. GSI
Kolloquium, 31.01.2006.
Grid Group: Grid Status. IT/EE-Seminar, 31.01.2006.
Dimopoulou, C./GSI (Germany): Ionization and Frag-
mentation of Simple Molecules in a Reaction Microscope.
Atomphysik-Seminar, 01.02.2006.
Mazzocco, M./GSI (Germany): Reactions with Light Weakly
Bound RIB’s at Coulomb Barrier Energies. NuSTAR Seminar,
01.02.2006.
Raha, U./Bonn (Germany): Hadronic atoms in effective
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field theory. Theorie-Seminar, 01.02.2006.
Meusel, O./Universita¨t Frankfurt (Germany): Low Energy
Beam Transport Using Space Charge Lenses. Beschleuniger-
Seminar, 02.02.2006.
Mulser, P./TQE, TU Darmstadt (Germany): Neuere As-
pekte der kollektivem Ionenbeschleunigung: Analytik und
Simulationen von P. Gibbon und S. Betti. ILIAS-Seminar-
Arbeitsseminar, 07.02.2006.
Ritter, H. G./LBNL (USA): Strongly interacting matter
at RHIC. GSI Kolloquium, 07.02.2006.
Birkl, G./TU Darmstadt (Germany): Cold and Trapped
Metastable Neon Atoms - from Atomic Structure to Bose-
Einstein Condensation. Atomphysik-Seminar, 08.02.2006.
Chatillon, A./GSI (Germany): Spectroscopy of Odd-Z
Transfermium Nuclei/The Structure of 251Md. NuSTAR
Seminar, 08.02.2006.
Trassinelli, M./GSI (Germany): Quantum Electrodynam-
ics Tests and X-rays Standards using Pionic Atoms and
Highly Charged Ions. Seminar der Materialforschung,
08.02.2006.
Go¨ckel, H.: Windows Server. IT/EE-Seminar, 14.02.2006.
Morita/RIKEN (USA): Experiments on synthesis of the
heaviest elements at RIKEN. GSI Kolloquium, 14.02.2006.
Rethfeld, B./Institut fu¨r Kernphysik, TU Darmstadt (Ger-
many): From solid to warm dense matter: Time travel
from ultrafast laser-solid excitation to overcritical material
expansion. Physik dichter Plasmen mit Schwerionen- und
Laserstrahlen, 14.02.2006.
Witte, K./GSI (Germany): PHELIX am Target: Parame-
ter, Experimente. ILIAS-Seminar-Arbeitsseminar, 14.02.2006.
Geppert, C./GSI (Germany): Laser Ion Source Develop-
ments at the University of Mainz. Atomphysik-Seminar,
15.02.2006.
Lineva, N./GSI (Germany): Heavy Ion Impact Induced
Low Energy Electron Emission and their Transport in Solids.
Seminar der Materialforschung, 15.02.2006.
Peter, I.: Forschung an der GSI und FAIR - ein versta¨ndlicher
U¨berblick fu¨r Laien. Wissenschaft fu¨r alle, 15.02.2006.
Sanz-Cillero, J.-J./Orsay (France): Confronting resonance
theory and QCD at large Nc. Theorie-Seminar, 15.02.2006.
Strahinja, L./GSI (Germany): Comprehensive Investiga-
tion of the Decay Losses of the Short-lived Nuclei in the ISOL
Extraction Method. NuSTAR Seminar, 15.02.2006.
Kornilov, V./GSI (Germany): Intensity Limitations for
SIS18/100 Due to Transverse Collective Instabilities.
Beschleuniger-Seminar, 16.02.2006.
Ruhl, H./Universita¨t Bochum (Germany); Mulser, P./TQE,
TU Darmstadt (Germany): Offene Fragen der relativistischen
Laser-Plasmawechselwirkung: Was lohnt fu¨r ein Experiment
mit PHELIX? ILIAS-Seminar-Arbeitsseminar, 21.02.2006.
Schaa, V.: Joint Accelerator Conferences on Web (JA-
COW). IT/EE-Seminar, 21.02.2006.
Golubev, A./ITEP, Moskau (Russia): Experimental Inves-
tigation of Energy Deposition of Fast Ions in Cold Matter
using the ’Thick Target’ Approach. Beschleuniger-Seminar,
23.02.2006.
Oset, E./Valencia (Spain): Chiral dynamics of the Kbar
nucleus interaction: critical review of deeply bound Kbar
states. Theorie-Seminar, 27.02.2006.
Tabor, S. L./Florida State University (USA): Shifting Shells -
Dependence of Shell Structure on Neutron Excess. NuSTAR
Seminar, 27.02.2006.
Duve, E.; Engel, P.: Vorschlag einer integrierten Moni-
toring Lo¨sung. IT/EE-Seminar, 28.02.2006.
Scheid, W./Universita¨t Gießen (Germany): Beitrag zu Rela-
tivistischen Plasmaphysik: Vermischtes aus der Atomphysik.
ILIAS-Seminar-Arbeitsseminar, 07.03.2006.
Enculescu, M./National Institute of Materials Physics, Bucharest
(Romania): Optical properties of polymer templates
for nanowire synthesis. Seminar der Materialforschung,
14.03.2006.
Ruhl, H./Universita¨t Bochum (Germany): Relativistische
u¨ber Laserplasmaexperimente mit PHELIX. ILIAS-Seminar-
Arbeitsseminar, 14.03.2006.
Scho¨n, W.: Der Aufbau der Linux Farm. IT/EE-Seminar,
14.03.2006.
Franchi, A./GSI (Germany): Measurement and correc-
tion of linear coupling and nonlinearities from BPM and
RGM data. Beschleuniger-Seminar, 16.03.2006.
Habermann, M./GFE (Germany): Anwendungen von CBM
Root. IT/EE-Seminar, 21.03.2006.
Maruhn, J.: Relativistische Fluiddynamik. ILIAS-Seminar-
Arbeitsseminar, 21.03.2006.
Dirk, O./Universita¨t Greifswald (Germany): Temperatur-
relaxation und Stoßabsorption in Laserplasmen. ILIAS-
Seminar-Arbeitsseminar, 26.03.2006.
Adamczewsky, J.; Al Turany, M.; Go¨ringer, H.; Malzacher, P.:
Konferenzberichte CHEP 2006. IT/EE-Seminar, 28.03.2006.
Ratschow, S./GSI (Germany): Beam Line Layout for the
FAIR Project. Beschleuniger-Seminar, 30.03.2006.
Bollen, G./National Superconducting Cyclotron Laboratory,
Michigan State University, East Lansing, Michigan (USA): Joint
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Symposium on Atomic Physics: ”Precision Experiments with
Thermalized Rare Isotope Beams from Projectile Fragmen-
tation. Sonderveranstaltung, 31.03.2006.
Freifelder, R./Department of Radiology, University of Pennsyl-
vania at Philadelphia (USA): Positron Emission Tomography
w. ToF, First Clinical Results. Sonderveranstaltung, 03.04.2006.
Roth, M./TU Darmstadt, GSI (Germany): Notes from the
JST Workshop Ultra intense Lasers and medical applications
(JAEA / Kansai Photon Center, 15.3.-16.3.2006). ILIAS-
Seminar-Arbeitsseminar, 04.04.2006.
Parfenova, Y./Bruxelles (Belgium): Nucleon removal in
s-d-shell nuclei (15,21,23O, 18,20N, 22F, 17Ne). NuSTAR
Seminar, 05.04.2006.
Mulser, P./TQE, TU Darmstadt (Germany): Relativistis-
che und nichtrelativistische ponderomotorische Laser-
Plasmakopplung. ILIAS-Seminar-Arbeitsseminar, 11.04.2006.
Das, P./VECC, Kolkata (India): A study of change in nu-
clear decay rate due to hyperfine interactions using a
cryogenic Penning trap. Atomphysik-Seminar, 12.04.2006.
Witte, F.: Dreifach ist des Raumes Maß . . . die faszinierende
Wirklichkeit des dreidimensionalen Weltalls (Stereovortrag).
Wissenschaft fu¨r alle, 12.04.2006.
Lee, S.-Y./Indiana (USA): What does it take to implement
Neuronetworks in Future Accelerators? GSI Kolloquium,
18.04.2006.
Rakhimov, K./Uzbek Academy of Sciences (Uzbekistan):
Projectile Electron Loss in the Collisions with Neutral Tar-
gets: Sudden perturbation approach. Atomphysik-Seminar,
24.04.2006.
Chichkov, B./Laser Zentrum Hannover e.V. (Germany):
U¨bersicht u¨ber Plasmonics am Laser Zentrum und
Vorschlag von High-Power-Experimenten. ILIAS-Seminar-
Arbeitsseminar, 25.04.2006.
Skrinsky, A./BINP-Nowosibirsk (Russia): Electron cool-
ing - History, Present Status, and Perspectives (Kolloquium
fu¨r B. Franzke). GSI Kolloquium, 25.04.2006.
Roth, R./Darmstadt (Germany): Correlated Realistic In-
teractions for Nuclear Structure and Reactions. NuSTAR
Seminar, 26.04.2006.
Schlegel, T./GSI (Germany): Spatially homogeneous plasma
heating with lasers - application of a new hybrid view-factor
code. Atomphysik-Seminar, 26.04.2006.
Messmer, P-/Tech-X Corporation, Boulder, CO (USA):
Kinetic Modelling of Plasmas in ECR Sources. Beschleuniger-
Seminar, 27.04.2006.
Lesch, H./Mu¨nchen (Germany): Was sind und warum
gelten Naturgesetze? Das Universum und ich! (Kolloquium
fu¨r N. Angert). GSI Kolloquium, 02.05.2006.
Piriz, R./Universidad de Castilla - La Mancha (Spain):
Richtmyer-Meskov flow in elastic solids. Physik dichter
Plasmen mit Schwerionen- und Laserstrahlen, 02.05.2006.
Heiss, M./GSI (Germany): The heavy-ion-microprobe at
GSI. Seminar der Materialforschung, 03.05.2006.
Lu¨ttges, S./GSI (Germany): Vierzehn Tage Jemen oder
Warum nur vormittags entfu¨hrt wird. Atomphysik-Seminar,
03.05.2006.
Ruppert, J./Durham (Great Britain): What does the rho
do? Lessons from NA60’s di-muon measurement. Theorie-
Seminar, 03.05.2006.
Wiehl, N./Mainz (Germany): The Ultracold Neutron Source
at the Research Reactor TRIGA Mainz. NuSTAR Seminar,
03.05.2006.
Brambrink, E./LULI Palaiseau (France): Laser-driven ion
acceleration and applications: Experiment and theory.
ILIAS-Seminar-Arbeitsseminar, 09.05.2006.
Kessler, G./ehem. Forschungszentrum Karlsruhe: Require-
ments for Nuclear Energy in the 21st Century, Nuclear
Energy as a Sustainable Energy Source. Physik dichter
Plasmen mit Schwerionen- und Laserstrahlen, 09.05.2006.
Ressmann, D.; van Wezel, J./GridKa Karlsruhe (Germany):
The PetaByte Mass Storage at GridKa. IT/EE-Seminar,
09.05.2006.
Shotter, A./TRIUMF (Canada): The scientific reach of
TRIUMF, Canada’s National Laboratory for Particle and
Nuclear Physics. GSI Kolloquium, 09.05.2006.
Antalic, S./Bratislava (Slovakia): Nuclear Structure in
Fermium Region. NuSTAR Seminar, 10.05.2006.
Dmitrasinovic, V./Belgrade (Serbia): D s(2317) and D s(2308)
as candidates for open-charm tetra quarks. Theorie-Seminar,
10.05.2006.
Nofal, M./MPI-K, Heidelberg (Germany): The Radiative
Electron Capture to Continuum Cusp (RECC) and its
Relation to the Short-Wavelength Limit of Electron-Nucleus
(e-n) Bremsstrahlung. Atomphysik-Seminar, 10.05.2006.
Voss, K.-O./GSI (Germany): Laser Spectroscopy of Gd3+
Ions Doped into SHI-Irradiated Lanthanum Fluoride Single-
Crystals. Seminar der Materialforschung, 10.05.2006.
Hahn, R. von/MPI-K, Heidelberg (Germany): Status of
the low-energy electrostatic Cryogenic Storage Ring (CSR) at
MPI-K. Beschleuniger-Seminar, 11.05.2006.
Grunder, H./ehem. Argonne National Laboratory (USA):
What can and should Nuclear Energy Contribute to the
Future Energy Mix? Physik dichter Plasmen mit Schwerionen-
und Laserstrahlen, 16.05.2006.
Roth, T.; Scho¨n, W.: Konferenzberichte Hepix. IT/EE-
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Seminar, 16.05.2006.
Wittig, H./Mainz (Germany): Progress in lattice QCD: of
Quarks, Walls and Domains. GSI Kolloquium, 16.05.2006.
Hanhart, C./Ju¨lich (Germany): Towards an understand-
ing of the light scalar mesons. Theorie-Seminar, 17.05.2006.
Lee, R./GSI (Germany): Chromosome aberrations in hu-
man lymphocytes irradiated with heavy ions. Seminar der
Materialforschung, 17.05.2006.
Nishio, K./Tokai (Japan): 30Si+238U - Fusion Reaction
Dynamics. NuSTAR Seminar, 17.05.2006.
Shevelko, V. P./Lebedev Physical Institute, Moscow (Rus-
sia): Charge-changing collisions of U28+ ions with the
rest-gas atoms in the 1 MeV/u 10 GeV/u energy range
(preliminary calculations). Atomphysik-Seminar, 17.05.2006.
Brust, H./GSI (Germany): Ideen fu¨r ein campusweites
VLAN-Konzept. IT/EE-Seminar, 23.05.2006.
Denker, A./HMI (Germany): Swift Ion Beams for Solid
State Physics and Materials Science, Medicine and Science of
Art. GSI Kolloquium, 23.05.2006.
Enculescu, I./National Institute of Materials Physics, Bucharest
(Romania): Semiconductor nanowires prepared in ion-track
templates. Seminar der Materialforschung, 23.05.2006.
Sto¨hlker, T./GSI and Universita¨t Frankfurt (Germany): X-Ray
Imaging and Compton Polarimetry of Atomic Transitions
in Heavy Ions. Physik dichter Plasmen mit Schwerionen- und
Laserstrahlen, 23.05.2006.
Nadtochy, P./GSI (Germany): Three-dimensional Langevin
calculations of fission-fragment charge distribution for the
reaction of 238U at 1 A GeV on a CH2 target. NuSTAR
Seminar, 24.05.2006.
Nofal, M./IKF Frankfurt and GSI (Germany): The Radia-
tive Electron Capture to Continuum Cusp (RECC) and
its Relation to the Short-Wavelength Limit of Electron-
Nucleus (e-n) Bremsstrahlung. Seminar der Materialforschung,
24.05.2006.
Stroke, H. H./New York University (USA): At the Inter-
section of Atomic and Nuclear Physics. Atomphysik-Seminar,
24.05.2006.
Kru¨cken, R./TU Mu¨nchen (Germany): Nuclear Structure
Studies at REX-ISOLDE and the HIE-ISOLDE project. GSI
Kolloquium, 30.05.2006.
Moses, E. I./Director NIF, LLNL, Livermore (USA): The
National Ignition Facility: Progress Toward Ignition.
Physik dichter Plasmen mit Schwerionen- und Laserstrahlen,
30.05.2006.
Thiemer, U.: Modulare Steuerungstechnik fu¨r Experi-
mente. IT/EE-Seminar, 30.05.2006.
Boretzky, K.: Dipole Response of Isospin Asymmetric Nuclei.
NuSTAR Seminar, 31.05.2006.
Gostishchev, V./GSI Darmstadt (Germany): Measurements
and simulations of gas-jet-target effects in the ESR. Seminar
der Materialforschung, 31.05.2006.
Surzhykov, A./MPI-K Heidelberg (Germany): Many-electron
effects in relativistic ion-atom collisions. Atomphysik-Seminar,
31.05.2006.
Baym, G./Urbana (USA): Neutron stars and the proper-
ties of matter at high densities. GSI Kolloquium, 06.06.2006.
Burrows, A./University of Arizona (USA): Brown Dwarfs.
GSI Kolloquium, 06.06.2006.
Kaiser, C./Physikalisches Institut, Universita¨t Karl-
sruhe(Germany): Low Temperature Measurements on
Silver and Bismuth Nanowire Arrays. Seminar der Material-
forschung, 06.06.2006.
Du¨llmann, C./GSI (Germany): On the Way to Long-lived
Preseparated Transactinides. NuSTAR Seminar, 07.06.2006.
Kunz, P./Universita¨t Mainz (Germany): Laser Spectroscopy of
Heavy Elements in a Buffer Gas Cell. Atomphysik-Seminar,
07.06.2006.
Kester, O./GSI (Germany): Deceleration of highly charged ions
within the HITRAP project at GSI. Beschleuniger-Seminar,
08.06.2006.
Dickhoff, W. H./St. Louis (USA): Many-body calculation
of correlated nucleons. Theorie-Seminar, 12.06.2006.
Engelen, J./CERN (Switzerland): Status and First Physics at
LHC. GSI Kolloquium, 13.06.2006.
Flemming, H.: Das Design des neuen TAC-Chips. IT/EE-
Seminar, 13.06.2006.
Kingsep, A. S./Russian Research Centre Kurchatov Insti-
tute, Moscow (Russia): Inertial Confinement Fusion Activity
at the Kurchatov Institute. Physik dichter Plasmen mit
Schwerionen- und Laserstrahlen, 13.06.2006.
Cornelius, T./GSI (Germany): Bismuth nanowires: Fabri-
cation and characterization. Seminar der Materialforschung,
14.06.2006.
Dudek, J./Strasbourg (France): Exotic Geometrical Sym-
metries in Nuclei and their Potential Impact on Large Scale
Experimental Projects. NuSTAR Seminar, 14.06.2006.
Kaiser, N./Mu¨nchen (Germany): Chiral dynamics of nu-
clear matter: quasi-particle and spin-orbit interaction.
Theorie-Seminar, 14.06.2006.
Laehde, T./Bonn (Germany): Partially quenched chiral
perturbation theory at NNLO. Theorie-Seminar, 19.06.2006.
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Adamczewski, J.; Linev, S.: DAQ for FAIR: uDAPL and
XDAQ on an InfiniBand test cluster. IT/EE-Seminar,
20.06.2006.
Barnes, T./Oak Ridge (USA): Recent Developments in
Charmonium: the XYZ States. GSI Kolloquium, 20.06.2006.
Duvenbeck, A./Universita¨t Duisburg-Essen (Germany): Com-
puter Simulation of electronic excitation in atomic collision
cascades. Seminar der Materialforschung, 20.06.2006.
Frank, K./Universita¨t Erlangen-Nu¨rnberg (Germany): Grund-
lagen und Anwendungen von gepulsten Hohlkathodenent-
ladungen. Physik dichter Plasmen mit Schwerionen- und
Laserstrahlen, 20.06.2006.
Doornenbal, P./GSI (Germany): RISING In-beam Experi-
ments at Relativistic Energies. NuSTAR Seminar, 21.06.2006.
Herlert, A./CERN (Switzerland): High-precision mass
measurements on exotic nuclides: recent results from the
ISOLTRAP experiment. Atomphysik-Seminar, 21.06.2006.
Sandro, C./GSI (Germany): Radiosensitivity of human B-
lymphocytes ad Macrophages following X-ray and carbon
ion exposure. Seminar der Materialforschung, 21.06.2006.
Zimmermann, H./LMU, GSI (Germany): Charge breeding
exploration with the MAXEBIS at GSI. Beschleuniger-
Seminar, 22.06.2006.
Al Turany, M.; Bertini, D.: Entwicklungen fu¨r Simula-
tion und Analyse in der IT. IT/EE-Seminar, 27.06.2006.
Kessler, G./ehem. Forschungszentrum Karlsruhe (Germany):
Requirements for Nuclear Energy in the 21st Century - Nu-
clear Energy as a Sustainable Energy Source. Physik dichter
Plasmen mit Schwerionen- und Laserstrahlen, 27.06.2006.
Ko¨hl, M./ETHZ (Switzerland): Strongly Correlated Ul-
tracold Atomic Gases. GSI Kolloquium, 27.06.2006.
Rethfeld, B./GSI (Germany): Zeitskalen laserinduzierter
Phasenu¨berga¨nge von Festko¨rpern. ILIAS-Seminar-
Arbeitsseminar, 27.06.2006.
Karpov, A./Dubna (Russia): Potential Energy of Heavy
Nuclear System in Fusion-fission Processes. NuSTAR Seminar,
28.06.2006.
Malzacher, P.: ’Per Anhalter durch die Galaxis’ aus der
Sicht der Informatik. Wissenschaft fu¨r alle, 28.06.2006.
Pisarski, R./BNL (USA): A kind of ’chiral’ Lagrangian
for deconfinement. Theorie-Seminar, 28.06.2006.
Trassinelli, M./GSI (Germany): Quantum Electrodynam-
ics Tests and X-rays Standards using Pionic Atoms and
Highly Charged Ions. Atomphysik-Seminar, 28.06.2006.
Trotsenko, S./GSI (Germany): State Selective Production
of Excited States in He- and Li-like Heavy Ions. Seminar der
Materialforschung, 28.06.2006.
Gulmelli, F./Ensicaen and University of Caen (France):
From multifragmentation to supernovae and neutron stars.
Sonderveranstaltung, 29.06.2006.
Otsuki, K./Chicago (USA): Astrophysical site for the r-
process. Theorie-Seminar, 03.07.2006.
Ho¨ll, A./Universita¨t Rostock (Germany): Thomson Scat-
tering as a Plasma Diagnostic Tool. Physik dichter Plasmen mit
Schwerionen- und Laserstrahlen, 04.07.2006.
Keitel, C./MPI Heidelberg (Germany): QED, nuclear and
high-energy processes in extremely strong laser pulses. GSI
Kolloquium, 04.07.2006.
Pereira, J./MSU (USA): Experimental Possibilities for
Nuclear Astrophysics at NSCL. NuSTAR Seminar, 04.07.2006.
Alkofer, R./Graz (Austria): QCD Green’s functions and
their application to hadron physics. Theorie-Seminar,
05.07.2006.
Eeckhaudt, S.: Nuclear Structure in the Nobelium Re-
gion at the Jyva¨skyla¨ Gasfilled Separator RITU. NuSTAR
Seminar, 05.07.2006.
Rebisz, M./GSI (Germany): Diamond detectors for heavy
ion beams dosimetry. Seminar der Materialforschung,
05.07.2006.
Spillmann, U./GSI (Germany): Development of Segmented
Solid State Detectors for X-ray Spectroscopy and Polarime-
try. Atomphysik-Seminar, 05.07.2006.
Huhn, C.: Der Upgrade auf Sarge Linux. IT/EE-Seminar,
11.07.2006.
Mu¨ller, E./Garching (Germany): Core collapse supernovae,
neutron stars and the equation of state. GSI Kolloquium,
11.07.2006.
Ursescu, D.; Zielbauer, B./GSI (Germany): Transient X-
ray laser development at non-normal incidence pumping
angles. Physik dichter Plasmen mit Schwerionen- und Laser-
strahlen, 11.07.2006.
Maruhn, J. A./Frankfurt (Germany): TDHF in 3D with
full Skyrme forces: surprises and problems. Theorie-Seminar,
12.07.2006.
Stanoiu, M./GSI (Germany): Use of Microstrip Si Detec-
tors in Reactions of Astrophysical Interest and Exotic Decay
Modes Experiments. NuSTAR Seminar, 12.07.2006.
Sulignano, B./GSI (Germany): Structure and properties
of K isomers in the region of SHE. PhD-Seminar, 12.07.2006.
Giacomini, T.; Becker, F./GSI (Germany): IPM and BIF,
non-destructive beam profile measurement for UNILAC, SIS,
ESR and FAIR. Beschleuniger-Seminar, 13.07.2006.
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Novratil, P./Livermore (USA): 7Be(p,gamma) 8B S-factor
from ab initio wave functions. Theorie-Seminar, 17.07.2006.
Buervenich, T./Frankfurt (Germany): Exotic nuclei - a
challenge for mean-field models. Theorie-Seminar, 18.07.2006.
Kumar, M./University of Allahabad (India): Swift-Heavy-
Ion Induced Effects in Nano-grains LiF Thin Films. Seminar
der Materialforschung, 18.07.2006.
Ni, P./TU Darmstadt, GSI (Germany): Temperature mea-
surement of high-energy-density matter generated by intense
heavy ion beams. Physik dichter Plasmen mit Schwerionen- und
Laserstrahlen, 18.07.2006.
Rodriguez Prieto, G./GSI (Germany): Highly charged ion
jets from medium flux laser plasmas. Physik dichter Plasmen
mit Schwerionen- und Laserstrahlen, 18.07.2006.
Rolfs, C./Bochum (Germany): Fusion reactions in stars.
GSI Kolloquium, 18.07.2006.
Estrada, F. J. L./Madrid (Spain): A unified Coulomb gauge
QCD approach to conventional and exotic mesons. Theorie-
Seminar, 19.07.2006.
Sauer, A./Universita¨t Frankfurt (Germany): The HITRAP
Decelerator Project at GSI. Atomphysik-Seminar, 19.07.2006.
Mulser, P./TU Darmstadt (Germany): Einfluss der Zweistro-
minstabilita¨t auf das Alfvn - Stromlimit. ILIAS-Seminar-
Arbeitsseminar, 25.07.2006.
Fischer, C./Darmstadt (Germany): Dynamically induced
scalar quark confinement. Theorie-Seminar, 26.07.2006.
Goutte, H./CEA-Bruyeres-le-Chatel (France): Microscopic
potential energy surfaces and low-energy fission dynamics.
NuSTAR Seminar, 26.07.2006.
Nebel, C./Diamond Research Center, AIST, Tsukuba (Japan):
Diamond for Biosensing. Sonderveranstaltung, 10.08.2006.
Desjarlais, M./Sandia National Lab. Albuquerque (USA):
Quantum molecular dynamics simulations in support of high
energy density physics experiments on Sandia’s Z machine.
GSI Kolloquium, 05.09.2006.
Fortov, V./IHED RAS, Moscow (Russia): Charge und
Density Coupling in Non-ideal Plasma. GSI Kolloquium,
05.09.2006.
Itoh, N./Sophia University, Tokyo (Japan): Seeing Galaxy
Clusters Through Cosmic Microwave Background: Sunyaev-
Zeldovich Effect. Theorie-Seminar, 05.09.2006.
: Tag der offenen Tu¨r - Forschung hautnah erleben.
Sonderveranstaltung, 10.09.2006.
Hoffmann, J.; Ott, W.: Siderem: Ein Modul zur Auslese
von Halbleiterdetektoren. IT/EE-Seminar, 12.09.2006.
Hess, S.: Auf der Jagd nach schwarzen Lo¨chern - Blick
in die Zentren aktiver galaktischer Kerne. Wissenschaft fu¨r
alle, 13.09.2006.
Bellachioma, M. C./GSI (Germany): Thin film getter coatings
for the SIS18 upgrade. Beschleuniger-Seminar, 14.09.2006.
Kugler, M.: Universeller Sequenzer fu¨r das CS Frame-
work. IT/EE-Seminar, 19.09.2006.
Pesch, T./RWTH Aachen (Germany): Wellen konstanter
Phasengeschwindigkeit in relativistischen Plasmen. ILIAS-
Seminar-Arbeitsseminar, 19.09.2006.
Miers, K.: Zuku¨nftige Maßnahmen fu¨r eine verbesserte
Spamabwehr. IT/EE-Seminar, 26.09.2006.
Bazavov, A./Florida (USA): RHIC and Non-Equilibrium
Signals of the Deconfining Phase Transition. Theorie-Seminar,
27.09.2006.
Scheidenberger, C.: Hallo, ist da jemand? Oder: was
wissen wir u¨ber Planeten bei fernen Sternen. Wissenschaft fu¨r
alle, 04.10.2006.
Bayer, W./GSI (Germany): Status Quo of the UNILAC
as a Megawatt Beam Injector for FAIR. Beschleuniger-
Seminar, 05.10.2006.
Mu¨ller, B./Duke University (USA): Some Like It Hot:
The Quark-Gluon Plasma at RHIC and LH(I)C. Sonderver-
anstaltung, 09.10.2006.
Stock, R./Universita¨t Frankfurt-M (Germany): Hadron
Production in Relativistic Nuclear Collisions. Sonderver-
anstaltung, 09.10.2006.
Yang, X./IMP (China): The vacuum system of HIRFL+CSR.
Beschleuniger-Seminar, 10.10.2006.
Barnea, N./Jerusalem (Israel): Realistic nuclear force predic-
tions for neutrino scattering on light nuclei. Theorie-Seminar,
11.10.2006.
Leemans, W./LOASIS Program, LBNL (USA): GeV elec-
tron beams from a cm-scale laser accelerator and intense
radiation. Sonderveranstaltung, 16.10.2006.
Straumann, N./Universita¨t Zu¨rich (Switzerland): Dark En-
ergy: Recent Developments. GSI Kolloquium, 17.10.2006.
Bra¨uning, H./GSI (Germany): Charge Transfer in Ion-
Ion Collisions. Atomphysik-Seminar, 18.10.2006.
Ducret, J.-E./CEA DAPNIA/SPhN (France): Spallation
Measurements in Coincidence: Why and how? First Results
of the SPALADIN Experiment 56Fe+p at 1 A GeV. NuSTAR
Seminar, 18.10.2006.
Yakovlev, D./St. Petersburg (Russia): Magnetars as cool-
ing neutron stars with internal heating. Theorie-Seminar,
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18.10.2006.
Fehrenbacher, G./GSI (Germany): Radiation Safety Plan-
ning for FAIR. Beschleuniger-Seminar, 19.10.2006.
Andreev, N./Institute of High Energy Density, Moscow (Russia):
Long distance propagation of short intense laser pulses.
Physik dichter Plasmen mit Schwerionen- und Laserstrahlen,
24.10.2006.
Rosmej, O./GSI (Germany); Rzadkiewicz, J./The Andrzej
Soltan Institute for Nuclear Studies (Poland): High electron
temperature in the heavy ion track? Interpretation of
the target K-shell spectra induced by the heavy ion beam.
ILIAS-Seminar-Arbeitsseminar, 24.10.2006.
Grigorenko, L./GSI (Germany): Correlation Studies of
the Light Exotic Nuclei: 5H and 9He. Problematic Issues of
9He and 10He Structure. NuSTAR Seminar, 25.10.2006.
Mirtsch, F./Mirtsch GmbH (Germany): Machbarkeitsunter-
suchung zum Einsatz von du¨nnwandigen, wo¨lbstrukturierten
Vakuum-Ro¨hren fu¨r einen mo¨glichen Einsatz im SIS100.
Beschleuniger-Seminar, 26.10.2006.
Hagner, C./Universita¨t Hamburg (Germany): Status and
Perspectives of Neutrino Oscillations. GSI Kolloquium,
31.10.2006.
Urbassek, H. M./TU Kaiserslautern (Germany): Sputtering by
ion and cluster impact: Insight from molecular-dynamics
simulations. Physik dichter Plasmen mit Schwerionen- und
Laserstrahlen, 31.10.2006.
Camano, M./USC (Spain): Production and Characteriza-
tion of the 7H Resonance. NuSTAR Seminar, 01.11.2006.
Hoffmann, D. H. H./GSI: Plasmaphysik: Von dunkler
Materie, exotischen Teilchen und der Hoffnung die En-
ergiequelle der Sterne nutzbar zu machen. Wissenschaft fu¨r
alle, 01.11.2006.
Udem, T./MPI fu¨r Quantenoptik, Garching (Germany): Fem-
tosecond Frequency Combs and Applications. Atomphysik-
Seminar, 01.11.2006.
Basko, M./Institute for Theoretical and Experimental Physics
(ITEP), Moscow (Russia): On the theory of ion acceleration
by plasma expansion into vacuum. Physik dichter Plasmen mit
Schwerionen- und Laserstrahlen, 07.11.2006.
Sherrill, B./MSU (USA): The Future of Radioactive Ion
Beam Facilities in the United States. GSI Kolloquium,
07.11.2006.
Palffy, A./Universita¨t Gießen (Germany): Nuclear Excita-
tion of Heavy Ions by Electron Capture. Atomphysik-Seminar,
08.11.2006.
Saito, T. R./GSI (Germany): Exploring the Nuclear Landscape
with Strangeness: The HypHI Project at GSI/FAIR. NuSTAR
Seminar, 08.11.2006.
Skoczen, B./Cracow University of Technology (Poland): Relia-
bility, Structural Stability and Interconnection Technologies
in Superconducting Particle Accelerators. Beschleuniger-
Seminar, 09.11.2006.
Essel, H.: Analysis fu¨r ESR-Experimente. IT/EE-Seminar,
14.11.2006.
Gibbon, P./Ju¨lich (Germany): Mesh-free Simulation of
Laser Interaction with mass-limited Targets. ILIAS-Seminar-
Arbeitsseminar, 14.11.2006.
Lu, Z.-T./University of Chicago (USA): Time Reversal,
Halo Nuclei, and Saharan WaterMany Uses of Cold, Ra-
dioactive Atoms. GSI Kolloquium, 14.11.2006.
Meister, C.-V./Brandenburg Highschool and Science Project
”Physics of Stellar and Planetary Atmospheres” Potsdam
(Germany): Recent Problems of the Physics of Earth’s
Magnetosheath. Physik dichter Plasmen mit Schwerionen- und
Laserstrahlen, 14.11.2006.
Veskovski, S./National Instruments; Brand, H./GSI (Germany):
Open National Instruments Forum. Sonderveranstaltung,
14.11.2006.
Abe, Y.: Mechanism for Fusion Hindrance and Synthe-
sis of Superheavy Elements. NuSTAR Seminar, 15.11.2006.
Henning, W. F.; Schavan, A.; Partsch, J.; Hofmann, S.;
Fo¨lsing, A.: Taufe von Element 111. Sonderveranstaltung,
17.11.2006.
Mu¨ller, C./MPI fu¨r Kernphysik, Heidelberg (Germany):
Lepton pair creation in strong laser fields. ILIAS-Seminar-
Arbeitsseminar, 21.11.2006.
Severijns, N./KU Leuven (Belgium): Weak interactions
studies in nuclear beta-decay. GSI Kolloquium, 21.11.2006.
Woller, K./DESY (Germany): Organisation des IT Be-
triebs bei DESY. IT/EE-Seminar, 21.11.2006.
Zamponi, F./Institut fu¨r Optik und Quantenelektronik, Univ. Jena
(Germany): Measurement of Magnetic Fields Produced by fs
Laser Pulses and Spectropolarimetry. Physik dichter Plasmen
mit Schwerionen- und Laserstrahlen, 21.11.2006.
Dorokhov, A./Moscow (Russia): Current-current correla-
tors within the instanton liquid model. Theorie-Seminar,
22.11.2006.
Kowalska, M./CERN (Switzerland): Exploring the ’is-
land of inversion’ by laser and beta-NMR spectroscopy.
Atomphysik-Seminar, 22.11.2006.
Pleskac, R./GSI (Germany): New Measurements of Total
Fission Cross Sections at GSI. NuSTAR Seminar, 22.11.2006.
Baboi, N./DESY (Germany): Using Higher Order Modes
in the Superconducting Tesla Cavities for Diagnostics at
Flash DESY. Beschleuniger-Seminar, 23.11.2006.
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Andreev, A. A./Institute for Laser Physics SIC Vavilov State
Optical Institute, St. Petersburg (Russia): Analytical modelling
and numerical simulation of fast-ion generation from a
mass-limited target irradiated by an ultra-high intensity
laser beam. Physik dichter Plasmen mit Schwerionen- und
Laserstrahlen, 28.11.2006.
Blaschke, D./JINR Dubna and Wroclaw University (Poland):
Laser acceleration of ion beams. ILIAS-Seminar-
Arbeitsseminar, 28.11.2006.
Go¨bel, E. O./PTB (Germany): Quantum standards in the
SI. GSI Kolloquium, 28.11.2006.
Lang, D.: WebDAV bei GSI. IT/EE-Seminar, 28.11.2006.
Courtin, S./IPHC-ULB, Strasbourg (France): Molecular
Resonances: an Experimental Approach. NuSTAR Seminar,
29.11.2006.
Zschornack, G./TU Dresden (Germany): Highly Charged
Ions from the Dresden EBIT: Tools for X-ray Spectroscopy,
Materials Modifications and Surface Metrology. Atomphysik-
Seminar, 29.11.2006.
Schaetzel, S./DESY (Germany): The CALICE Tracking
Calorimeters for the ILC. Sonderveranstaltung, 04.12.2006.
Geissler, M./MPI fu¨r Quantenoptik, Garching (Germany):
Electron acceleration with few cycle laser pulses. ILIAS-
Seminar-Arbeitsseminar, 05.12.2006.
Volkov, A./Russian Research Centre Kurchatov Institute,
Moscow (Russia): Material excitation in swift heavy ion
tracks. Physik dichter Plasmen mit Schwerionen- und Laser-
strahlen, 05.12.2006.
Bosch, F./GSI (Germany): Reise zum Urknall mit Hub-
ble und COBE - Warum die Physiker glauben, dass die Welt
vor 14 Milliarden Jahren entstanden ist. Wissenschaft fu¨r alle,
06.12.2006.
Montes, F./GSI (Germany): Heavy Element Nucleosyn-
thesis in the Early Galaxy. NuSTAR Seminar, 06.12.2006.
Kroyer, T./CERN (Switzerland): Transverse Schottky
Measurements in the CERN SPS and LHC. Beschleuniger-
Seminar, 07.12.2006.
Logan, G./LBNL, Berkeley (USA): Revisiting Heavy Ion
Fusion. Physik dichter Plasmen mit Schwerionen- und Laser-
strahlen, 12.12.2006.
Maruhn, J./Universita¨t Frankfurt (Germany): Theoriebeitrag
zum Roadmap Meeting des PPAC am 13.12.06. ILIAS-
Seminar-Arbeitsseminar, 12.12.2006.
Maas, A./Sao Paulo (Brazil): Gluons at finite tempera-
ture, confinement, screening and all that. Theorie-Seminar,
13.12.2006.
Mazzocco, M./GSI (Germany): Extension of the Monte-
Carlo Code MOCADI to Fusion-Evaporation Reactions.
NuSTAR Seminar, 13.12.2006.
Scho¨ffler, M. S./IKF, Universita¨t Frankfurt-M (Germany):
Ground state correlation and dynamical processes in fast
ion-helium-collisions. Atomphysik-Seminar, 13.12.2006.
Appelsha¨user, H./Universita¨t Frankfurt (Germany): Ultra-
relativistic Heavy-Ion Collisions on the verge of LHC. GSI
Kolloquium, 19.12.2006.
Czanta, M./Fa. Merck, Darmstadt (Germany): Liquid
Crystals - From Molecules to Modern Display Application.
Atomphysik-Seminar, 20.12.2006.
Simon, H./GSI (Germany): The End of Delay Cables.
NuSTAR Seminar, 20.12.2006.
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Open workshops and meetings
Complied by M. Enders, K. Große
06.01-03.02.2006: 26th International Workshop on Physics of
High Energy Density in Matter (Hirschegg).
26.-27.01.2006: Joint Symposium on Hadron Physics.
8.02-03.03.2006: 7. Collaboration Meeting of the CBM
Experiment at FAIR.
06.-07.03.2006: International RICH-Workshop of the
CBM Experiment at FAIR.
06.-10.03.2006: XVI. PANDA Collaboration Meeting.
11.-18.03.2006: 3rd Workshop on Nuclear Astrophysics
’VISTARS meets JINA’, Russbach (Austria).
19.-23.03.2006: FUSION06 - Reaction Mechanisms and
Nuclear Structure at the Coulomb Barrier, San Servolo,
Venezia (Italy).
20.-21.03.2006: First Technical FLAIR Meeting on the
Integration of CRYRING into FLAIR.
24.-28.04.2006: PANSI3 Workshop on Communicating
Research Results: Activities and Techniques.
27.-28.04.2006: D-Grid HEPCG Workshop.
02.-03.05.2006: FLAIR collaboration meeting (Stefan
Meyer Institute for Subatomic Physics, Vienna).
02.05.2006: R&D Proposal ”Thin Diamond Plates” from
Element Six.
02.05.2006: Submission Readiness Review for the DETNI
n-XYTER. ASIC Laboratory University of Heidelberg
(Germany).
02.05.2006: Workshop NMI-3 DETNI: N-XYTER, The
First Dedicated Neutron Detector Readout ASIC; Post
Submission Review, Summary and Outlook. HMI, Berlin
(Germany).
22.-24.05.2006: Charge breeding and related topics.
12.-14.06.2006: XVII. PANDA Collaboration Meeting.
20.-23.06.2006: 2nd International Conference on ’Collective
Motion in Nuclei under Extreme Conditions’ (COMEX-2),
Sankt Goar (Germany).
28.06.2006: Workshop on the Nuclear Equation of State.
31.08-01.09.2006: 3rd NoRHDia Workshop GSI.
02.-05.09.2006: XVIII. PANDA Collaboration Meeting
(Wien).
04.09.2006: 12th International Workshop on the Physics
of Non-ideal Plasmas.
18.09.2006: Abendveranstaltung der Helmholtz-
Gemeinschaft mit Pra¨sentation von FAIR (Bru¨ssel).
19.-22.09.2006: CBM Collaboration meeting.
19.09.2006: CBM Symposium - Physics of High Baryon
Density (Strasbourg).
21.10.2006: 2. Meeting of the GSI Users’ Group Execu-
tive Committee.
25.-29.10.2006: XVII HADES Collaboration Meeting.
16.-17.11.2006: CBM Experiment - Workshop on Muon
Detection.
19.-20.11.2006: ALMAS1: Workshop on Advanced Laser
and Mass Spectroscopy.
20.-21.11.2006: Workshop on atomic physics experiments at
HITRAP and Cave A.
27.11.2006: Status of CVD-Diamond Production and
Future Plans of Element Six; Required Diamond Detector
Materials for FAIR experiments.
11.-12.12.2006: Symmetry Energy in Nuclear Reactions.
11.-15.12.2006: PANSI3 Workshop on Communicating
Research Results: Activities and Techniques.
11.-15.12.2006: XIX. PANDA Collaboration Meeting.
ANNEX-EVENTS-03
451
ANNEX-EVENTS-03
452
		

	

	
	

*In all tables 1 shift represents 8 hours of beam delivered to an experiment running in main mode. Shift numbers in
brackets denote parasitic shifts.
Exp Short title Spokespesrson Status Area Ion Shifts
U068 Bolometric detectors Egelhof main/parasitic Z6 7Li 12(3)
U184 Heavy elements S.Hofmann main Y7 54Cr, 48Ca 78 
U200 Nuclear Structure Investigation  of No, Lr Heßberger main Y7 48Ca 18
U205 Decay properties near Z=108 and N=162 Türler main X1 25Mg 29
U206 Rn isotopes Andreyev main Y7 52Cr 24
U207 Optical spectroscopy of Nobelium Backe main Y7 52Cr 6
U209 Nuclear Structure Investigation of SHE Heßberger main/parasitic Y7 54Cr 33(18)
U210 Missing α emitters in the transuranium region Novikov parasitic X1 12C 0(4)
U212 UNILAC-experiments  of FP6/CARE/HIPPI I.Hofmann main TK 40Ar 24
U213 Ion-plasma interaction Blazevic parasitic Z6 54Cr 0(15)
U215 Reaction 30Si + 238U Nishio main Y7 30Si 72
U216 ERDA Bender parasitic UU 12C, 136Xe 0(39)
U217 Mass measurements at SHIPTRAP Block main Y7 40Ar,40Ca, 58Ni 30
U218 Coulomb excitation of 112,114,116Sn Doornenbal main/parasitic X7 114,116Sn, 136Xe 15(3)
U219 TASCA commissioning Schädel main/parasitic X8 30Si,40Ar,54Cr 2.5(7)
U220 Incomplete fusion of 25Mg and 206Pb Heßberger parasitic Y7 25Mg 0(36)
U221 CVD detector test Bräuning-Demian main/parasitic X4 54Cr,238U 5(6)
U226 Energy loss in laser generated plasmas Roth parasitic Z6 40Ar 0(6)
UBIO Radiobiology Scholz,
Hagmann
main/parasitic X3,X6 12C,30Si,54Cr,
86Kr,132,136Xe,
208Pb
39(57)
UMAT Material science Trautmann,
Fischer
main/parasitic X0 7Li,12C,54Cr,
58Ni,116Sn,
132Xe,208Pb,
238U
93(12)
E039 Precision X-ray spectroscopy Beyer main ESR 208Pb 42
E045 Two-electron Lamb shift Stöhlker main ESR 114Sn,116Sn,
238U
39
E049 Beta decay of highly charged ions Bosch main ESR 208Pb 36
E053 Laser cooling of C3+ ion beam Schramm main ESR 12C 18
E055 Direct mass measurements at FRS-ESR Scheidenberger main ESR 136Xe,238U 48
E067 Test of time dilatation at the ESR Karpuk main ESR 7Li 9
E070 Collision dynamics at relativistic energies Moshammer main ESR 238U 9
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S223 Coulomb dissociation Sümmerer parasitic HTC 12C 0(2)
S240 Test of GLAST calorimeter Lott parasitic HTC 12C,132Xe 0(1)
S244 The GSI FRS γ ray spectroscopy campaign Regan main FRS 58Ni,107Ag,238U 49
S245 Bound and unbound nucl. near the driplines Jonson main FRS 40Ar 27
S247 Nuclear density distributions Khandzadeev main FRS 18O 33
S249 Precise measurement of stopping power Golubev parasitic HTA 40Ar 0(9)
S271 Two-proton decay of 19Mg Mukha main FRS 24Mg 18
S277 Single particle occupancies near 54Ca Krücken main/parasitic FRS 48Ca,86Kr 48(6)
S280 R&D on synthetic diamond detectors Berdermann main/parasitic FRS,
HTA
1H,132Xe 6(19.5
)
S286 TRD tests Garabatos parasitic HTD 14N 0(30)
S291 Residual radioactivity induced by U ions Mustafin main HTA 238U 12
S297 Strange baryons and kaonic cluster Herrmann main/parasitic HTB 1H,12C 12(4)
S299 Along the N=126 closed shell Podolyak main/parasitic FRS 208Pb,238U 21(6)
S300 Shape  co-existence  and  the  possibility  of
X(5)  behaviour  in  neutron  rich   A=100
nuclei
Bruce main FRS 238U 21
S301 Dielectron production in pp,dp, and AA col. Salabura main HAD 1H 42
S302 HED matter generated by intense HI-beams Varentsov parasitic HHT 40Ar,238U 0(53)
S305 Fragmentation of 136Xe Jungclaus main FRS 136Xe 37
S317 High-intensity effects and beam loss issues
in FAIR
I. Hofmann main SIS 40Ar 6
S319 Testexperiment for HypHi Saito parasitic HTC 12C 0(3)
S328 RPC detector tests Benlliure parasitic HTC 12C 0(3)
SBIO Biophysics experiments Scholz/Schardt/
Narici
main/parasitic HTA 12C,18O 13(6)
STHE Therapy experiments Krauss/Narici/
Schardt
main HTA,
HTM
12C 11
SMAT Material science Trautmann main/parasitic HTA 208Pb,238U 9(27)
SiSt Radiation safety Fehrenbacher main HTA 12C 14
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Facts and Figures
Compiled by J. Heilmann
Gesellschafter/Shareholders since 1969, December 17th
Federal Republic of Germany 90% of budget (and of share capital)
State of Hesse/Land Hessen 10% of budget (and of share capital)
Accelerators
FAIR Facility for Antiprotons and Ion Research pre- construction R&D
UNILAC UNIversal Linear ACcelerator 13 MeV/u for U in operation since 1976
SIS Schwer-Ionen-Synchrotron 50–1000 MeV/u for U in operation since 1989
ESR Experimental Storage Ring 3–400 MeV/u for U in operation since 1990
Users of the accelerator complex
In 2006, GSI provided access to 25 experimental areas to more than 1400 scientific users.
GSI Funding in Mio. Euro
research area Structure of Matter 73.8
research area Health 3.4
special tasks and Helmholtz-activities 1.9
third party funding 15.6
total budget 94.7 Mio. Euro
Personnel 2006 in person years
research area Structure of Matter 416
FAIR-activities (Structure of Matter) 138
research area Health 29
management and management support 70
scientific and technical infrastructure 211
personnel involved in projects funded by nat./internat. funding agencies 100
total personnel 964 person years
Statutory organs and scientific advisory committees
to GSI as of December 31, 2006
Supervisory Board/Aufsichtsrat:
Dr. B. Vierkorn-Rudolph [chair],
Bundesministerium fu¨r Bildung und Forschung, Bonn/Berlin (Germany),
as representative of the Federal Republic of Germany
Ministerialrat Dr. R. Koepke,
Bundesministerium fu¨r Bildung und Forschung, Bonn/Berlin (Germany),
as representative of the Federal Republic of Germany
Ministerialdirigent Dr. R. Bernhardt,
Hessisches Ministerium fu¨r Wissenschaft und Kunst, Wiesbaden (Germany),
as representative of the State Hessen in Germany
Prof. Dr. R. Klanner,
Universita¨t Hamburg/DESY (Germay),
as representatives of the Scientific Council of the GSI
Scientific Directorate/Wissenschaftliches Direktorium WD:
Prof. Dr. W. F. Henning [chair]
Dr. H. Eickhoff, Prof. Dr. K.-H. Langanke, B. Scho¨nfelder, Dr. A. Kurz
Division and Department Heads/Bereichs- und Abteilungsleiter:
Dr. D. Kra¨mer, FAIR-Technical Division/FAIR Bereich
Dr. H. Eickhoff, Accelerator/Beschleunigerbereich
B. Scho¨nfelder, Infrastructure/Infrastruktur
Prof. Dr. K.-H. Langanke, Research/Forschungsbereich and
Theory: Nuclear structure and astrophysics/Theorie: Kernstruktur- und Astrophysik
Prof. Dr. H.-J. Kluge, Atomic physics/Atomphysik
Prof. Dr. G. Kraft, Biophysics/Biophysik
Prof. Dr. P. Braun-Munzinger, Nuclear physics I/Kernphysik I
Prof. Dr. H. Emling, Nuclear physics II/Kernphysik II
Prof. Dr. K. Peters, Nuclear physics III/Kernphysik III
Prof. R. Neumann, Materials research/Materialforschung
Prof. Dr. D. H. H. Hoffmann, Plasma physics/Plasmaphysik
Prof. Dr. J. Stroth, HADES
Prof. Dr. J. Wambach, Theory: QCD and hadron physics/Theorie: QCD und Hadronenphysik
Prof. Dr. K. Witte, PHELIX
Scientific Council/Wissenschaftlicher Rat WR:
<http://www.gsi.de/informationen/users/EAC/wr/>
R. Klanner [chair], Universita¨t Hamburg (Germany); D. von Harrach, Johannes-Gutenberg-Universita¨t Mainz (USA); N. Holtkamp,
Oak Ridge National Laboratory (USA); C. Leemann, Thomas Jefferson National Accelerator Facility, Newport News (USA);
B. Mueller, Duke University, Durham, North Carolina (USA); H. Requardt, Siemens AG Medical Solutions, Erlangen (Germany);
R. Sauerbrey, Forschungszentrum Rossendorf, Dresden (Germany); S. Myers, CERN EP, Geneva (Switzerland); B. M. Sherrill, Michi-
gan State University, East Lansing (USA); A. Shotter, TRIUMF, Vancouver (Canada); M. Soyeur, DSM/DAPNIA/SPhN, Gif-sur-Yvette
(France); D. Vernhet, Universite´ Paris 6 et 7, Paris (France).
Secretary: K.-D. Groß
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Scientific Committee/Wissenschaftlicher Ausschuss WA:
<http://www-w2k.gsi.de/wa/scientific committee.htm>
S. Richter [chair]; A. Bra¨uning-Demian; T. Cornelius; B. Friman; B. Lommel; P. Malzacher; Y. Leifels; M. Kreiser (for the Betrieb-
srat); H. Reich-Sprenger; C. Scheidenberger; L. Schmitt; M. Scholz; P. Senger; H. Simon; J. Stadlmann; M. Traxler; A. Tauschwitz;
D. Varentsov; G. Walter.
Scientific Advisory Committees to GSI
GSI General Programme Advisory Committee G-PAC:
<http://www.gsi.de/informationen/users/EAC/ea/>
J. Aichelin, SUBATECH, Nantes (France); P. Giubellino, INFN Turin, Torino (Italy); R. Hoekstra, KVI Groningen, Groningen
(The Netherlands); R. Kru¨cken, Technische Universita¨t Mu¨nchen, Physik-Department (Germany); M. Lewitowicz, GANIL, Caen
(France); S. Paul, Technische Universita¨t Mu¨nchen, Physik-Department (Germany); T. Peitzmann, Utrecht University (The Nether-
lands); N. Pietralla, Technische Universita¨t Darmstadt, Darmstadt (Germany); H. Schatz, Michigan State University, East Lansing
(USA); M. Wada, RIKEN, Saitama (Japan); M. Weidemu¨ller, Universita¨t Freiburg (Germany); E. Widmann, Stefan-Meyer-Institut fu¨r
subatomare Physik, O¨sterreichische Akademie der Wissenschaften, Vienna (Austria).
Secretary: K. Fu¨ssel
GSI Phelix and Plasmaphysics Program Advisory Committee (PPAC):
<http://www.gsi.de/informationen/users/EAC/ppac/>
M. H. R. Hutchinson [Chair], Rutherford Appleton Lab (United Kingdom); S. Jacquemot, LULI, Ecole Polytechnique, Palaiseau
(France); G. Logan, LBL Berkeley (USA); T. A. Mehlhorn, Sandia National Laboratories, Albuquerque (USA); R. Sauerbrey,
Forschungszentrum Rossendorf, Dresden (Germany); B. Sharkov, Inst. of Theoretical and Experimental Physics Moscow (Russia).
Secretary: K. Fu¨ssel
GSI Biophysics & Radio-Biology Program Advisory Committee (Bio-PAC):
<http://www.gsi.de/informationen/users/EAC/bio-pac/>
G. Iliakis [Chair], Institut fu¨r Medizinische Strahlenbiologie Universita¨tsklinikum Essen (Germany); M. Durante, Universita ’Federico
II’, Napoli (Italy); R. Engenhardt-Cabillic, Klinik fu¨r Strahlentherapie Philipps-Universita¨t Marburg Klinikum (Germany); B. Michael,
Gray Lab (Cancer Research Trust), Mount-Vernon-Hospital, Northwood (United Kingdom); R. Okayasu, National Institute of Radio-
logical Sciences, Chiba-shi (Japan); E. Pedroni, Paul Scherrer Institut, Villigen (Switzerland).
Secretary: K. Fu¨ssel
GSI Users’ Group Executive Committee (UEC):
<http://www.gsi.de/forschung/usersgroup/index.html>
J. V. Kratz, Johannes Gutenberg-Universita¨t, Mainz (Germany) [CHAIR]; J. Benlliure, University of Santiago de Compostela, Santiago
de Compostela (Spain); B. Blank, CEN, Bordeaux (France); T. Faestermann, Techn. Univ. Mu¨chen (Germany); J. Friese, Techn. Univ.
Mu¨nchen (Germany); U. A. Glasmacher, Ruprecht-Karls Univ., Heidelberg (Germany); J. Jacoby, Johann-Wolfgang-Goethe Univ.,
Frankfurt (Germany); R. Kulessa, Jagiellonian University, Krakow (Poland); L. Narici, Univ. of Rome, Rome (Italy); M. Petrovici,
Nat. Inst. for Physics and Nuclear Engineering, Bucharest (Romania); P. Salabura, Jagiellonian University, Krakow (Poland) [CHAIR-
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